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PhD-Thesis of Volker Wicke Summary
Summaiy
Conventionally, controller strategies for continuously variable transmissions are initially 
developed for good fuel economy; driveability aspects are considered only at the latter 
stages of the development process by means of experimental calibration work. This method 
does not allow a satisfactory solution for both low fuel consumption and good driveability, 
which is especially apparent during transient vehicle operation. The objective of this thesis 
is to establish transient driveability requirements in quantitative terms, which could then be 
considered earlier in the controller development. This would enable controller strategies to 
be designed which properly consider fuel consumption, emissions and driveability, allowing 
the inherent compromises to be considered in detail.
To establish an objective description of the vehicle driveability, experimental work was 
carried out. The starting point for these investigations was the analysis of inherited data 
from a previous research project. The results of this analysis were used to refine the 
methodology for driveability investigations, which was subsequently applied to several 
reference vehicles. The main focus was to prioritise the preferences of test drivers during 
transient operation following a step input. To put these findings into effect in the controller 
strategy of a vehicle , a Ford Mondeo fitted with a Torotrak prototype CVT was available. 
First, the transient behaviour of its existing controller strategy was analysed in detail and 
areas were identified which allowed most potential for improvement. Combined with the 
findings of the above described experimental work, this defined the objectives for the 
development of a new transient controller strategy.
To provide a platform for the controller development, a simulation program was developed 
to predict the longitudinal behaviour of the vehicle. The same controller code was used in 
the simulation program as in the test vehicle, which enabled the validation of the simulation 
program against experimental data. By means of the simulation program, a new transient 
controller strategy was developed and implemented into the test vehicle. Calibration work 
was performed by means of rapid prototyping during final experimental work on a rolling 
road test facility and on Coleme airfield.
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Methodology used for data acquisition mainly in a former project, 
but also applied to the four vehicles investigated in this project to 
enable cross project comparison of the results.
This methodology was developed as part of this work and applied 
to the four vehicles of this project.
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Phase I  refers to the work of this project which relates back to a 
former project using inherited data.
This expression relates to a the driveability work carried out in as 
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Results obtained with the simulation program OLIVE
Ford Mondeo including the dSpace controller. Results that are 
obtained on the test track on Coleme airfield.
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obtained on the airfield, (standard target acceleration trace)
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1.1 About CVT transmissions
In a conventional gearbox, torque and speed are transmitted in discrete ratios, whereas 
continuously variable transmissions are able to transmit torque and speed in an un­
defined number of ratios. The idea of an continuously variable transmission is as old as 
the car itself, several concepts have evolved since then, of which the belt CVT trans­
mission and the toroidal CVT traction drive are the two most common principles for 
passenger vehicle application.
The first successful production launch of a belt CVT in the automotive industry was in 
1955 by the van Doome brothers in Holland. A depiction of the variator is shown in 
Figure 1-1. The ratio of the transmission was varied by altering the running diameter of 
the pulley and for torque transmission it used a reinforced rubber belt. The most 
common CVT nowadays is a refined version of this transmission and was launched 
1987: the steel belt transmission CTX. An overview of different kinds of traction 
drives is given in a paper by Hewko (1986). The first patent for traction transmissions 
was as early as 1899 and in the 1930*s Austin sold approximately 600 cars fitted with a 
Hayes transmission. Currently, the two most common concepts are the half and the full 
toroidal design. Successful production launch of a traction drive transmission so far has 
only been achieved by the half toroidal design. The transmission was launched on the 
Japanese market in 1999 in the Nissan Gloria. Its traction mechanism and effects of 
fatigue have been investigated by Tanaka et al. (1995). An example of the full traction 
drive is the Torotrak (2001) transmission, a schematic of which is shown in Figure 1-2. 
This transmission and its mode of function will be explained in later chapters.
An extension to the CVT concept is that of the Infinitely Variable Transmission (or 
IVT). In this case the continuous range of ratios pass through zero output speed and 
steplessly up to the reverse limit. This zero output speed condition is termed the “geared
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neutral” state and enables a theoretically infinite torque multiplication. The main ad­
vantage of this type of transmission is that it removes the need for a clutch or torque 
converter to decouple the vehicle from the engine in and around the stationary state. An 
IVT can be realised in a number of ways. For example, hydrokinetically or hydro- 
statically or, less conventionally, by use of the split power concept. The Torotrak 
transmission is of this latter type: a split path IVT traction drive transmission, which 
utilises rolling bodies to transmit the power through the variator unit.
Most features apply to CVT and IVT concepts at the same time, therefore these two 
expressions are used in an interchangeable way in the following sections. CVTs offer 
many potential advantages for good driveability. The power flow through the power 
train does not need to be interrupted during acceleration as in conventional transmissions 
and this makes it possible to gain a smooth, rapid and stepless response to drivers’ 
demand without disturbing jerk.
Negative perceptions of CVT transmissions are influenced mainly by the unrelated 
engine and vehicle speed. This gives the driver an unusual driveability feeling, which is 
often disliked. This problem was exacurbated by the first controller strategies which 
caused the engine speed to go to its maximum speed range following a full pedal input 
and it was only after a delay that the vehicle speed increased as well. This effect is 
referred to as the rubber band effect and it is thought to be the main reason that 
prevented the success of the early CVTs. The controller strategies have since improved 
to mitigate this effect, however, the full driveability requirements for CVT vehicles are 
not yet fully understood and make investigations into the drivers’ expectations of CVT 
equipped cars necessary. Finding such guidelines and implementing them into a 
controller strategy is one of the objectives of this thesis. Consumate application of such 
guidelines could make CVTs superior to conventional transmissions and support their 
introduction into the world market.
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1.1.1 Environmental considerations
The CVT concept allows the engine speed to be operated independently of the vehicle 
speed and therefore the engine can always be operated in its most fuel efficient operating 
point. Therefore continuously variable transmissions (CVTs) have a great potential to 
offer both reduced fuel consumption and lower output of harmful exhaust emissions, 
which has been confirmed by different research projects.
Torotrak Development Ltd. claim (2001) 15% less fuel consumption for their CVT 
transmission than with a conventional gearbox along with a reduction in harmful emis­
sions of about 30%. A simulation study by Kriegler (1997) of AVL compares different 
CVT concepts with a manual transmission for gasoline and diesel engines and show up 
to 10% less fuel consumption for gasoline engines and up to 19% for diesel engines. 
Brace et al (1997, specify) undertook a research project in which they developed a 
control strategy for the powertrain of a car that included a van Doome belt transmission 
coupled with a diesel engine. Different advanced control strategies were developed and 
the economy potential of the van Doome transmission was demonstrated. However, to 
launch CVTs on the wider market, both driveability and environmental objectives have 
to be met. Unfortunately they contradict each other and a compromise between them 
has to be found, which is a difficult and demanding task. The fact, that a commercial 
penetration of the CVTs in the world market has not yet taken place shows that this has 
not yet been achieved and underlines the need for research into this area.
1.1.2 The objective of this thesis
The objective of this thesis is to investigate the drivers’ preferences of the vehicle 
behaviour in different driving situations with the main focus on the response of the 
vehicle following a step input. A suitable methodology for these driveability 
investigations has to be found. This work should lead to generic driveability guidelines 
which could be used to optimise the vehicle calibration process by integrating 
driveability aspects early on in the calibration process.
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1.1.3 Thesis outline
This thesis consists of 8 individual chapters.
Up to this point, the thesis has given the required background to understand different 
classes of CVT transmissions, their potential benefits and why CVT transmissions have 
not penetrated the market as successfully as they could have. The remainder of Chapter 
1 presents an extensive literature survey on driveability and control issues of CVTs, 
leading to a description of the ultimative control problem for CVT vehicles: the trade-off 
between vehicle acceleration and delay time. It is then described how this relates to the 
objective of this thesis and how the control problem could be solved by means of 
alternative powertrain concepts. The chapter concludes with an outlook on future 
market shares of AT and CVTs on the world market.
Chapter 2 describes the test vehicle as used in this work, with emphasis on its CVT 
powertrain and the data acquisition kit available. Descriptions are also given of the 
chassis dynamometer test facility and the remaining vehicles hired for use in the experi­
mental part of the driveability investigations (see Chapter 4).
Chapter 3 presents and analyses a methodology of how to conduct driveability inves­
tigations. This material was inherited from a former project. The methodology was 
improved with the results of the analysis and applied to four more vehicles, which is the 
first important novel contribution of this thesis.
Chapter 4 presents the subjective and objective results obtained from these driveability 
investigations. Statistical methods are applied to the results and subjective and objective 
results are presented. This is done first for each vehicle individually, followed by a 
comparison of the results between the vehicles. Chapter 4 also introduces novel 
contributions publishing results from experimental driveability investigations showing 
correlations between subjective and objective data.
Chapter 5 describes how the initial controller setup of the test vehicle was replaced by 
new controller hardware and how the Torotrak controller works. Experimental results of
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the vehicle are shown over a wide range of operating conditions to discuss how the 
operation of the controller can be improved.
Chapter 6 describes the development of a simulation program in the simulation environ­
ment of Matlab/Simulink. The simulation program was developed from scratch, i.e. all 
simulation models were developed as part of this work. Since the same controller code 
was used in the simulation program as in the test vehicle, the simulation program could 
be validated by comparing the predicted vehicle behaviour with experimental data 
obtained during experimental work.
Chapter 7 describes the development of a new transient controller strategy and its 
implementation in the test vehicle. The new controller was tuneable and could therefore 
be calibrated by means of rapid prototyping. Experimental results are presented for both 
this calibration process and also for different controller setups. This chapter also con­
tains novel work, applying rapid prototyping techniques to a CVT vehicle to match its 
characteristic behaviour to that of a standard vehicle.
Finally, Chapter 8 presents the conclusions of the work that has formed the subject of 
this thesis.
1.2 Control strategies of CVTs
Powertrains including CVTs offer much more freedom concerning the control of the 
vehicle when compared to powertrains including conventional automatic or manual 
transmissions. To fully utilise the potential of a CVT transmission, an integrated 
approach to driveline control is required. The aim should be to find the most appropriate 
response of the vehicle to a driver's demand and fulfil fuel economy considerations at 
the same time. An overview of today's CVT control strategies is given by Liu (1997). 
He identifies three main controller strategies and gives several examples for each:
(1) Single Track (this controller strategy makes use of an ideal operating line)
(2) Speed Envelope
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(3) Off the Beaten Track (similar to (1) but allowing deviations from the IOL during 
transients)
The first controller structure presented is a very simple control method and this was the 
first common approach to controlling a powertrain which includes a CVT transmission. 
The idea is to define a correlation between engine torque and speed, a so-called engine 
ideal operating line (IOL). To operate the engine along this operating line, the 
transmission and throttle controller have to be co-ordinated in a suitable way. The 
operating line can either be optimised to achieve good fuel consumption or to minimise 
any one of the emissions, alternatively a compromise between these approaches can be 
found. In order to achieve good fuel consumption, such an IOL has to make use of the 
high torque low engine speed region. An increase in the power demand in this case can 
only be met by increasing the engine speed, since the engine torque will already be near 
its maximum. To follow this increase in engine speed demand, the engine has to 
accelerate and thereby to overcome its own inertia and additionally the transmission 
inertia. This results in a lack of torque at the wheels and therefore in a lack of vehicle 
response. It becomes clear, that in order to achieve good performance characteristics, 
the engine operation should deviate from such an IOL during transients and the resulting 
controller strategy is what the authors refer to as ‘off the beaten track’, which is the third 
controller strategy. An example is given by Vahabzadeh (1991) and this will be 
discussed below. The third designer solution for the control of CVT vehicles makes use 
of a speed envelope in which the controller confines the powertrain responses, examples 
are given by Deacon (1996) and in a paper by Honda. However, since this paper was 
published, more diverse CVT control strategies have evolved that cannot easily be 
allocated to one of the three proposed controller methods, e.g. the Torotrak controller 
strategy (as described in Chapter 4).
Vahabzadeh and Linzell (1991) present a controller strategy where the engine follows 
the operating line for steady state operating conditions whilst deviating for transient 
manoeuvres. To have some torque-up available, the basic IOL used is placed in parallel 
to the line of optimum fuel consumption, but shifted to lower torque values. This 
provides a torque margin for transients with little fuel economy penalty. The control
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integrates the operation of the engine and the transmission with the throttle angle and the 
transmission ratio as control variables. A choice can be made between economy and 
performance mode, which influences the trajectories during transient manoeuvres. 
Reportedly, good driveability and fuel economy have been achieved with this controller 
strategy.
Brace et al (1997) proposed a method to define a steady state operating point line as a 
compromise between fuel consumption and emissions. This operating line is used for 
steady state operation and deviation is undertaken during transient manoeuvres. The 
deviation from the steady state operating line was achieved in a first approach by a fuzzy 
logic controller. However, this controller could not provide a controlled deviation (as in 
a predetermined path) during transients and therefore another control strategy was 
proposed: a transient shaping controller, which enables a controlled deviation from the 
operating line.
Bitzenberger et al (1997) propose a control strategy for CVTs without a steady state 
operating line. Instead, an evaluator processes the relative importance of fuel consump­
tion, exhaust emission, noise and performance for each operating point. This 
information together with the current vehicle speed defines a new operating point on the 
engine map as well as the manner in which it will be approached. A translater converts 
the new operating point into systems controller demand data to approach the new 
operating point.
Stubbs and Ironside (1981) have developed a microcomputer control for the Torotrak 
transmission - using an operating line and sticking to it even during transients - which 
achieves 30% more mileage compared to a conventional manually gearbox with 
emphasis on the start-from-rest procedure and imperceptible regime change.
A large research project into a hybrid vehicle concept, including a CVT transmission, 
has been undertaken at ETH Zurich. A controller strategy that made use of linearised 
powertrain models was developed by Guzella and Schmid (1994). Another paper 
resulting from this research work deals with the integrated control of the CVT
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transmission and the engine incorporating drive-by-wire throttle control. Shafei et al 
(1994) discuss the development of an integrated powertrain controller which transforms 
the driver input into a torque demand. Finally, Ginsburg et al (1997) discuss ex­
perimental results achieved on the test bench with this torque pedal interpretation.
Kraxner (1999) describes development work carried out by Porsche on a prototype 
Boxter including a CVT transmission. The controller strategy of this transmission can 
be operated in either automotic or C VTip mode. When operated in automatic mode, the 
controller strategy differentiates between acceleration at part and full load. At lower 
loads, the strategy ensures that the engine speed is proportional to the vehicle speed. For 
full throttle transients, the engine speed is operated by adapting the gear ratios to ensure 
maximum power output. When operated in CVTip mode, there is a flexible 6th gear, so 
that maximum speed can always be achieved by adjustment to varying driving resistance 
(head wind, uphill gradients etc.). Compared to AT, CVTip has a wider gear spread (of 
about 6). For both of the two modes, environmental benefits of the CVT transmission 
were shown when compared to conventional automatic transmissions. When compared 
to a manual transmission, higher top speeds and equal if not better acceleration levels 
were achieved. Optimum acceleration can be realised by choosing precisely the engine 
speed which ensures maximum power output. This is an option which is offered in 
automatic mode only. However, a production start of CVT vehicles is not planned by 
Porsche before the driver’s subjective impression of the acceleration power are 
examined.
Audi have offered their A6  with a CVT transmission since 2000. The transmission and 
its controller strategy are described by Gesenhaus (2000) and also on the Audi 
homepage (2001). The controller strategy avoids the rubber band effect by emulating an 
automatic transmission most of the time: following a driver input, the engine speed 
increases in proportion to the vehicle speed. This avoids long vehicle delays and has the 
further advantage that the background noise is familiar to the driver. However, a 
deviation from the above described operation occurs for substantial acceleration 
demands. The variator ratio in this case is chosen so that the vehicle achieves its
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maximum available power. There is also a CVTip mode available, including an 
adaptive selection of the transmission ratios. The ratios are chosen according to the 
driving situation and the level of activity of the accelerator.
1.3 Driveability considerations
In many research papers, the term driveability describes the effects of the engine 
oscillations or the driveline shuffle on the perception of the driver, in any driving 
situation or during idling. Jansz et al (1999) for example describe how they have 
improved the driveability of the Ford Focus by minimising the engine oscillations. Salle 
and Jansz (1999) and Jansz et al (1999) introduce control methods to minimise fore-aft 
oscillations also referred to as driveline shuffle to enhance driveability. Also, Karlsson 
and Jacobson (2000) introduce an integrated powertrain controller to prevent these 
oscillations. In a wider sense, the term driveability can concern any aspect relating to 
either the comfort of the driver or the performance of the vehicle. Several areas are 
identified to have an influence on the drivers perception of the driveability and this is 
independent of the powertrain used in the vehicle. As an example the following list is 
presented, which is taken from a research paper by Schoeggl (1999): cold start warm 
up, gear shift, tip in, let off, overrun idle, constant speed driving, full throttle 
accelerations and engine start.
It would neither be possible nor desireable to investigate all of the above mentioned 
aspects, furthermore the presented thesis has a clear objective and that is the 
investigation of the transient behaviour of vehicles. The word driveability therefore in 
this work relates to the perception of the vehicle’s longitudinal response to a change in 
demand by the driver during transient vehicle operation. The driver’s perception will be 
influenced by his expectation towards the vehicle response to his accelerator input and 
how well it coincides with the actual vehicle response. The expectation of course varies 
from person to person, Schoeggl et al (1999) have shown that the assessment of the 
driver varies according to gender, age and cultural background. These expectations also 
vary in the long term with the evolution of society and technological possibilities.
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Before the onset of electronic controllers, driveability was set using ignition, fuelling 
and gear ratio as described by Crabb (1998). Today, there are complex sets of 
parameters to be optimised in an integrated powertrain controller.
The driver expectations of the vehicle response are also very specific to individual 
vehicle models. The more exclusive or the more unusual the reputation of the vehicle, 
the more defined the drivers expectations. The customers of sports cars certainly have 
very specific expectations of the vehicle handling, engine noise and the power reserves 
available. At the luxury end of the market, vehicles are expected to be more refined, 
having to be more comfortable to drive with low driveline shuffle and oscillations. 
There are also different expectations between petrol and diesel powered cars. To 
exclude the above effects in this study, all vehicles chosen for investigation are in the 
middle price band of the mass market.
1.3.1 Driveability aspects of conventional automatic and manual gear boxes
For conventional and manual gearboxes, driveability aspects are well established. 
Whilst driving in any one gear, driveability is mainly dependent on the engine response 
characteristics. Most papers published on the subject of driveability are concerned with 
the gear shift quality, the start from rest feel or the vehicle behaviour during tip-ins. 
Some of these papers are relevant to this project, because they contain aspects that are 
applicable to the driveability investigations in this thesis.
Gebert and Kucukay (1997) investigate the shift quality of automatic transmissions and 
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The importance of these aspects was quantified to be able to include them in a self- 
adapting control strategy for a conventional four speed automatic transmission. A 
method was introduced that measured driveability online and adapted the parameters of 
their controllers accordingly. The aim was to achieve maximum comfort for the driver 
whilst gear shifting. The most important parameter to assess the driveability is the 
vehicle acceleration, from which they extracted the frequency content and the 
progression of the jerk. Please note that the notation of jerk in the investigations of 
conventional automatic transmissions differs from the use of jerk in this thesis. A 
definition for the latter is given in Chapter 3.
Another method used to assess the gear shifts of an automatic transmission is presented 
by Schwab (1994). In this work they use the following parameters to assess the drive­
ability during gear shifts for automatic transmissions:
• the peak to peak amplitude of the acceleration
• the peak to peak variation of the jerk
• the maximum average power
• the 10-14 Hz frequency content of the longitudinal acceleration signal
Schoeggl and List (1999), AVL have investigated driveability characteristics of vehicles. 
Different vehicles were tested by test drivers assessing different driveability aspects in 
different driving situations. The driveability assessments of the test drivers depended on 
gender, age and expertise. More experienced test drivers assessed the vehicle with a 
much lower standard deviation than inexperienced test drivers. Different aspects were
assessed by the test drivers and the lowest standard deviation was found for the
assessments of the vehicle acceleration. This means that the vehicle acceleration can be 
assessed with the highest confidence of all driveability parameters, and also it was found 
that the differences between experienced test drivers and unexperienced test drivers are 
the smallest when driveability characteristics were assessed that concern aspects of the 
vehicle acceleration. The project resulted in the development of a software program that 
can assess the driveability online.
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Dorey and Holmes (1999) have investigated the objective evaluation of driveability for 




Highest relevance of these driving situations to this work was the third driving situation. 
Here, good correlation were achieved between subjective and objective data for the 
acceleration overshoot and the initial rise rate of the vehicle acceleration.
In a continuation of this work Dorey and Martin (2000) describe in-vehicle tools to 
assist in the calibration of vehicle driveability. The aim of which is to develop an 
objective methodology for driveability calibration. Subjective appraisals were made for 
vehicles with manual transmissions, partly for general driving and partly for pre-defined 
manoeuvres for the same driving situations as defined in the last paragraph. Correlation 
of driver subjective rating with cranking time, engine speed variation and post flare 
speed reduction was found for cold start. The second driving situation assessed by the 
test drivers was the behaviour of the engine during idling, after additional electrical load 
was switched on. The way the engine speed returns to a constant speed is crucial to the 
drivers assessment. The subjective rating correlated well with over- and undershoot 
characteristics in the engine speed. The third investigated situation are tip-in/back-out 
responses for light and heavy throttle inputs. For these driving condition, it is described 
how the vehicle acceleration can be shaped by means of throttle control and/or altering 
the spark ignition timing. However, no correlation between subjective and objective 
data is given in this paper for this driving situation to indicate in which way the 
acceleration trace should be modulated.
1.3.2 Driveability aspects of CVT vehicles
Deacon (1996) created a test series with different vehicle manoeuvres to find 
characteristic values describing driveabilty. Drivers filled in questionnaires about their 
perception of the car. The main findings are summarised as follows:
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• The vehicle response to the pedal movement has to occur immediately after the 
driver has applied the accelerator.
• The amount of vehicle acceleration should be a function of the vehicle speed.
• A correlation between the engine speed and the vehicle speed should be established, 
and this correlation should vary for different manoeuvres (cruising at moderate 
speed, hard/slow acceleration/deceleration).
• Drivers do not wish the vehicle to creep when stopped.
Deacon incorporated these findings into the supervisory control strategy by means of a 
rule based fuzzy logic controller. The fact that all drivers were engineers is believed to 
have kept the frequency range in subjective assessments down.
A set of recommendations for good driveability is given by Daieff et al (1994). 
According to their research, the main influence on the driveability perceived by the 
driver is the engine and vehicle noise as well as the feel of the vehicle acceleration. The 
perceived noise level should increase with increasing vehicle acceleration, therefore the 
introduction of a correlation between the engine speed and the vehicle velocity is 
recommended. Another influential factor on the driveability is the rate of change of the 
variator ratio and the control of transients from one ratio to another. The engine speed 
should rise smoothly for all driving manoeuvres, except for extreme driving conditions 
such as kick-down.
1.4 The control challenge of CVT vehicles
As described in Section 1.2 the ultimate control challenge with CVT transmissions is 
that there is very little torque back-up available, when the engine is operated at its most 
efficient operating point. Given this situation, the controller strategy has a choice 
following a full throttle input, either to accelerate the vehicle immediately with very low 
acceleration values or to first accelerate the engine and then accelerate the vehicle more 
heavily at the expense of a longer vehicle delay (this compromise will be referred to 
later in this thesis on numerous occassions).
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One of the objectives of the driveability investigations of this thesis is to investigate 
driver preferences during such transients to help evaluate how much improvement in 
driveability can be associated with an shorter delay time or a higher vehicle acceleration. 
This will help to develop suitable controller strategy to optimise the vehicle behaviour 
for a given powertrain setup. Once the driveability requirements are fully understood, 
alternative powertrain concepts can be evaluated for their benefits in terms of 
driveability when used in combination with CVT powertrains.
1.4.1 Solutions to this control problem without additional hardware components
Ideally engines would be developed especially for the use with a CVT powertrain and 
recommendations are given for such a concept by Smith and al (1993) who propose the 
development of an engine with a large torque backup when the engine is operated near 
its maximum efficiency.
Maugham (1999) investigates a concept where the engine torque is controlled by EGR 
operation. This concept makes use of a combined control of the engine and the existing 
EGR system and does not need additional hardware components. This increases the 
torque backup during steady state operation and can be used during transients to increase 
the net power output of the powertrain and to reduce the delay time.
Tenberge and Avery (1999) propose an electric CVT transmission. The employment of 
a generator/battery assembly can be used to store excess power from the combustion 
engine as well as when the speed of the vehicle is decreasing, recouperating the energy 
for reacceleration in combination with the electric motor.
1.4.2 Solutions to this control problem with additional hardware components
Additionally/ alternatively, the CVT transmission could be employed alongside one of 
many innovative alternative powertrain concepts currently at concept stage. Common to 
all these concepts is that they either help to increase the engine speed in a transient 
quickly without diminishing the net power output of the powertrain or they increase the 
torque back-up during steady state operation. In the latter case, the engine can be
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operated at efficient operating points and still have a substantial torque backup to be 
used during transients, which would help to overcome the above described conflict. 
Some of these applications are expected to be taken into production, once the 42V 
electrical system is introduced for automotive applications, since this allows the size of 
the associated electrical components to be made small enough to tit into the engine 
compartment.
ISAD (Integrated Starter Alternator Damping ) systems consist of a starter alternator 
assembly which can be mounted on the shaft between the engine and the transmission. 
A general description of such a concept with the emphasis on the benefits the user can 
expect is given by Nickel (1999). Originally developed to minimise engine oscillations, 
this concept offers a number of further advantages, e.g. regenerative energy management 
can be provided. For this, the generator is used in combination with the battery to store 
excess power from the combustion engine. If required the energy can be recouperated to 
boost the net power output of the powertrain during transients. This helps the above 
described compromise between delay time and vehicle acceleration. By providing 
torque control for the engine, such a system could also make the engine flywheel 
redundant, therefore reducing the powertrain inertia significantly and thereby further 
improving the vehicle response time.
A promising investigation into the compromise between fuel economy and driveability 
is being undertaken by the University of Eindhoven (2001). The project is further 
described by Serrarens and others (1999 and 2000). A flywheel made possible the 
elimination of the response lag by decelerating during transients and consequently 
assisting the powertrain in raising the engine speed and thus its power level. This 
concept is implemented in a VW Bora 1.61 test vehicle. Fuel consumption and the new 
driveability of the vehicle are still to be assessed. On the homepage of the research 
group (University of Eindhoven (2001)), a reduction in fuel consumption of about 15% 
is claimed for passenger cars without impairing the sportiness, comfort, performance or 
price. A drawback of this system is that it does not exclusively use regenerative energy,
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i.e. the engine has to constantly provide energy to keep the speed of the flywheel at a 
constant high velocity.
Another concept that could help overcome the above described conflict by reducing the 
vehicle delay time is the combination of a CVT with an electrically assisted turbocharger 
that boosts the engine. The electrically driven turbocharger offers a dramatically 
reduced engine delay time, which in turn allows the vehicle to accelerate with a reduced 
delay time. All rights and patents of this technology are currently owned by the 
technology conglomerate United Technologies, although originally it was invented by 
Turbodyne Technologies Inc (2001).
1.5 CVTs in or near production and expected future market shares
At the start of this project, back in 1996, Continuously Variable Transmissions (CVTs) 
were only available on a commercial basis in connection with a push belt produced by 
the Dutch company Van Doome’s Transmissie (VDT), now owned by the German 
Company Robert Bosch GmbH. These CVTs are available in small European cars such 
as the Ford Fiesta, Fiat Uno, Rover 100 and 200, Fiat Panda as well as in Japanese cars 
such as the Nissan Micra or the Honda Civic. In the following years, several new 
vehicles including CVT transmissions were introduced on the market such as the 1999 
models of the Fiat Punto, the Nissan Primera and the MGF. The Nissan Primera was the 
first 21 engine with a CVT. The year 2000 witnessed the introduction of a CVT in the 
Audi A6 and the first toroidal CVT was also put into production in the Nissan Gloria in 
the Japanese market. The industry is expected to get a further boost if Porsche were to 
introduce this technology in the sports market.
The market share of CVTs of the automatic transmission market share in Europe equals 
about 1%. According to an AID-outlook (Automotive Industry Data Ltd.) the market 
share of automatic transmissions in Europe for passenger cars is expected to rise from 
about 15% in the year 2000 up to 30% in the year 2010. By then up to 50% of all 
automatic transmissions are expected to be CVTs.
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6 rollers in total
Epicyclic Gear Set
fixed Chain Step
Figure 1-2: The design of the Torotrak transmission
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2. Description of the test facilities and the equipment
This chapter starts out by describing the powertrain of the test vehicle used in this work 
including the hydraulic control circuit. It also describes the original controller hardware 
and software necessary to control the transmission and the hydraulic control circuit. It is 
then described which test facilities were available and which vehicles were hired for use 
in the experimental part of the driveability investigations (see Chapter 4) and how the 
data were acquired with these vehicles. This is followed by a description of how the 
original controller setup was modified after these driveability investigations and the data 
acquisition technique used in the test vehicle thereafter.
2.1 The Ford Mondeo test vehicle
A Ford Mondeo including a prototype Torotrak CVT was given to Bath University for 
this project. The powertrain in this vehicle consisted of a 2.01 Zetec Engine with 4 
cylinders and a Torotrak prototype CVT transmission (mark 4). The components of the 
Torotrak CVT transmission as well as its operation and control are described in Section 
2.1.1. The hardware components for its control are described in Section 2.1.2.
2.1.1 Components, operation and control of the Torotrak prototype transmission
The variator o f the transmission: A full toroidal variator is used in the transmission as 
shown in Figure 2-1. It consists of two input and two output discs and six rollers 
rotating in between. The torque is transmitted through the variator components by a thin 
oil layer, which also acts to keep them apart.
The transmission unit: Figure 2-2 shows a schematic of how the variator is embedded 
in the transmission. A cut-away view of the transmission assembly is shown in Figure 
2-3. The transmission consists further to the variator also of a fixed gear step (2), a belt 
drive (5), an epicyclic gear set and two clutches (3) and (4). The use of clutches in this 
arrangement differs from that traditionally experienced during the start-from-rest 
procedure. Here, engagement only occurs when the plates are running at a synchronous
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speed, thus preventing any wear of the friction surfaces. The variator input discs are 
connected to the transmission input shaft, the output discs are connected to a chain 
drive. The ratio of the variator is dictated by the variator in- and output speeds, which 
are functions of the engine and the vehicle speeds.
Operation o f the transmission: A detailed description of the operation of the transmis­
sion and the variator is given in many papers, amongst others by Greenwood (1984), 
Fellows and Greenwood (1991), Perry (1982), Stubbs (1981) and Curtis (1968). The 
two clutches in combination with the epicyclic gearset enable the transmission to 
employ two regimes. When operated in low regime, the transmision is of the split 
power mode. The possibility to switch between two regimes increases the ratio range of 
the transmission significantly. A consequence of the operation in two different regimes 
is a reverse in powerflow within the transmission and this is illustrated in Figures 2-4 
and 2-5. Another major advantage of this layout is that in low regime there is a certain 
variator ratio which results in zero transmission output speed. The vehicle can pull 
away from this condition - termed Geared Neutral - in either direction by changing the 
variator ratio to higher or lower values. Therefore the transmission needs neither a 
clutch to start from rest nor a special arrangement for reverse drive. When starting from 
rest in forward direction, the variator ratio increases until it reaches a certain ratio where 
the transmission changes into high regime by switching the two clutches. Now, the 
power is transmitted directly from the engine through the variator and the chain drive, 
then to the final drive. The ratio for which regime change occurs is chosen, so that the 
transmission output speed and torque are the same for both regimes. The regime change 
is therefore supposedly not noticeable to the driver. The dynamic aspects of the regime 
change was investigated by James (1997) in a previous research project at the University 
of Bath.
Control o f the transmission: Each roller is connected to one hydraulic actuator as 
shown in Figure 2-6. The torque balance across the variator is influenced by the 
pressure on each side of the actuators. An imbalance of which will cause a reaction 
force on the variator, which is used to control the torque across the variator. The
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transmission is torque controlled and therefore the pressure difference in the hydraulic 
actuators is the primary control variable of the transmission. The pressure difference 
also provides the endload force which holds the variator unit together, thereby confining 
the maximum torque that can be transmitted via the variator. The control of the pressure 
in these actuators is achieved by means of an hydraulic circuit, which can be seen in 
Figure 2-7. The use of hydraulic control in the transmission provides several functions
• Torque reaction to the variator rollers.
• Load equalisation between all six rollers
• Variator end load
• Clutching for regime control
•  Lubrication and cooling
Flow within the hydraulic circuit is provided by a twin cavity gear pump, driven directly 
by the IC engine. This supplies a flow varying with engine speed from which 4.8l/min 
is passed to each side of the circuit via flow control valves. The flow is pumped to the 
pressure control valves (SI) and (S2), one for each side of the circuit, via the master 
cylinders. The other five actuators on each side are termed slaves and respond directly 
to the pressure regardless of their position. The outlets from the pressure control valves 
are then joined to provide both a clutch fill function and lubrication before returning to 
tank. By restricting the flow, each pressure control valve can raise the upstream 
pressure on each side of the actuator as required. Pressurisation of one side of the 
circuit (S2) has the effect of changing the ratio from reverse towards synchronous ratio 
in low regime. Pressurisation of the other side (SI) changes the variator ratio towards 
overdrive in high regime. The variator torque is therefore determined and controlled by 
the net system pressure difference between the two sides of the circuit, in the following 
text this pressure difference is referred to as the control pressure. The system is 
protected by a pressure relief valve on each side of the circuit which limits the 
maximum pressure to 50bar. Under normal operation the pressure control valves 
control traction fluid pressure up to 40bar. These solenoid operated proportional valves 
ensure that the pressure upstream is directly proportional to the control voltage sent to
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their driver cards by the microprocessor control unit.
2.1.2 Soft- and hardware components of the transmission controller
The operation of the CVT is controlled in the original controller setup by a transmission 
control unit called GEMS. The controller code running on this control unit was written 
in the programming language C and could not be modified, since the required hardware 
components were not available in this project The vehicle using this original controller 
setup was used for the driveability appraisals described in Chapter 4. After these 
driveability tests, the controller setup was replaced by an alternative transmission 
control unit that allowed its controller code to be modified. In the wake of this 
replacement, it was also necessary to replace other parts of the hardware components. 
The different controller setups are described in the following paragraphs.
The initial controller (GEMS) setup in the Ford Mondeo test vehicle
Apart from the GEMS transmission control unit, the original powertrain controller also 
comprised an engine and a throttle control unit. The ECU is based on a Ford production 
ECU, but modified for control in co-operation with the GEMS transmission control unit 
Software was available for monitoring and recording the control variables of the ECU 
on a laptop computer. The throttle control unit is necessary, since the vehicle included 
drive-by-wire capabilities, meaning that there is no mechanical link between the 
accelerator and the throttle position. The throttle control unit communicates with the 
engine ECU to control the throttle position, thereby giving the possibility of introducing 
engine torque control. This feature further allows the introduction of an integrated 
powertrain controller, examples of which are given by Esser (1997) and Jones and 
Kerbyson (1997). A further description of the interaction between the two controller 
units is given in Chapter 5.
The modified controller (dSpace) setup in the Ford Mondeo test vehicle
The controller software: To realise transmission control offering the possibility of 
implementing new control features, the original controller code of the GEMS control
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unit was translated into the simulation environment Matlab/Simulink. This was done by 
a company called Tarrogon as requested by Torotrak; the controller code was sub­
sequently given to University of Bath for use in this project. To be able to run this 
controller code in the test vehicle, new hardware components were required to be 
installed on the vehicle.
The modified controller hardware (dSpace): Products from the company dSpace were 
chosen as new controller hardware components since they can be used in correlation 
with the Matlab/Simulink controller code. A schematic of all necessary components and 
their interaction with the remaining controller hardware in the vehicle is shown in 
Figure 2-8. The central hardware component of the new control system is the Autobox 
including a Texas Instruments processor on which the controller code runs. The 
controller has to communicate with the engine and throttle control units as well as with 
the transmission and the transducers in the vehicle system. For communication with 
these components, the Autobox has different input and output cards. Analogue signals 
are read in and send out by the DS2201 card and speed signals by the DS5001 PWM 
card. As shown in the figure, all signals being sent between the Autobox and the 
vehicle system go through a calibration box where they are converted into a format that 
can be read by the Autobox and the transducers in the vehicle system respectively. This 
calibration box was developed and given to University of Bath by Torotrak. Signals 
intended for the engine control unit are sent via the SCP bus, which is the standard bus 
technology used in vehicles from the Ford Motor Company. The Autobox only 
provides an output for communication with ECUs in CAN format. A description of 
these two standards is given in the Ford User Documentation (1997) and the CAN bus, 
which was developed by Bosch is described by Dieterich (1995). The two different 
standards make it necessary to translate the messages, which is carried out by the so- 
called SET netway box. This box is shown in the middle of Figure 2-8. The netway 
box can be programmed to translate messages between different vehicle communication 
standards. A software program written to translate between CAN and SCP messages 
was given to University of Bath by Torotrak. However, the program did not work and 
had to be reprogrammed.
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As indicated in the bottom of Figure 2-8, the Autobox communicates with a laptop via a 
TCP-bus connection. This link is used to download the controller code onto the 
processor in the Autobox, which is necessary each time the vehicle is taken into 
operation. This process can be started in Matlab/Simulink, the following sequence of 
events is performed automatically: the controller code gets compiled, linked and then it 
has to be translated into a format that can be used on the Autobox. This procedure can 
also be repeated after having implemented new controller functions on the laptop. This 
allows new features to be validated immediately in the vehicle to detect, correct and 
prevent design errors in the control code at an early stage. Software is provided (see 
below) to make use of this communication link for data acquisition, monitoring and 
display data called Trace, a product from the MathWorks Ltd..
The communication link between the laptop and the Autobox also allows rapid 
prototyping when used in correlation with another software program called Cockpit. For 
Cockpit to start, a trace file has to be loaded into the workspace. The user layout can be 
edited by placing controls on the workspace. These controls have to be initialised by 
appointing a variable from the real-time program. With cockpit in animation mode, 
interaction with the underlying real-time program is possible, meaning that real-time 
program values can be modified via the controls. The current values of the real time 
variables are read from the real-time processor board and accordingly updated on the 
displays. Changing real-time variables online is an essential part of performing rapid 
prototyping, and it allows the controller code to be used as a tuneable controller.
2.2 The chassis dynamometer test facility
In the course of the project a chassis dynamometer was installed at the University o f 
Bath with 2 independent 126 kW DC machines driving 48inch diameter rollers. It can 
be used for front or rear wheel drive. Vehicle mass simulation ranges from 454 kg to 
2722 kg and the base inertia of the chassis dynamometer system corresponds to a 
vehicle weight of 1360 kg. Top test speed equals 200 kph. The general layout of the 
chassis dynamometer test facility is shown in Figure 2-9 with the Ford Mondeo test
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vehicle on it ready for use. The whole test area comprises the test cell and a separate 
control room. The area in the test cell adjacent to the rig itself is used for the associated 
systems, namely the emissions measuring equipment and the dynamometer control 
systems and data acquisition computers and other instrumentation equipment. The test 
facility was used to commission the vehicle with the new controller hardware and for 
some calibration work which was continued by track testing at Coleme airfield.
2.3 Test vehicles
Altogether seven test vehicles were used for the driveability work. Three of which were 
used in the first project by Deacon (as described in Chapter 3) and four more vehicles 
were investigated in the experimental part of this project. The vehicles used for testing 
in this work were lent to the University of Bath by the car manufacturers or by 
automotive dealers for a short loan period. All vehicles were equipped with petrol 
engines, the remaining specifications of the test vehicles are detailed in Table 2-1. The 
vehicles in the order they were tested are:
• Rover 216 SI/16V with a van Doome’s Transmissie CVT transmission
• Ford Mondeo test vehicle (GEMS controller) including the Torotrak CVT
• Vauxhall Omega 2 .0 1 (4 speed AT)
• BMW 323 Cl (5 speed AT)
This makes two vehicles with CVT transmissions and two vehicles with conventional 
automatic transmissions. The selection of the AT vehicles allows a comparison between 
the two types of transmissions (CVT and AT).
2.4 Data acquisition
Data acquisition was an important part of this work and was performed in practically all 
stages of the project. Data acquisition on the rolling road was done by means of an 
installed data acquisition kit. Performing data acquisition on the test track (as described 
in Chapter 4) the test vehicles (as described in Section 2.3.2) had to be equipped with a
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data acquisition system. For this purpose, a transportable data acquisition system (DIS) 
was developed. This data acquisition system was designed to collect data of the 
variables that were considered the most important ones for driveability work (as 
described in Chapter 3). This resulted in a data acquisition system that included five 
sensors when used in conjunction with most of the vehicles. However, for work with 
the test vehicle, data from some additional sensors (as described below) were acquired. 
The additional data were used for validation work of a simulation program whose 
development is described in Chapter 5. It was neither necessary nor possible to also 
equip the remaining vehicles with these sensors. As described above, the controller 
hardware of the test vehicle was replaced after the driveability appraisal by dSpace 
equipment. This made the application of the transportable data acquisition system 
obsolete, since the dSpace controller kit included its own data acquisition system. The 
different data acquisition systems are described in the following paragraphs.
Rolling road Zollner and Horiba data acquisition system
The data acquisition system on the rolling road was mainly used to acquire those 
variables that could not be measured in the vehicle when the vehicle was used on the 
rolling road. These are:
• vehicle acceleration
• wheel force and power
The data acquired on the rolling road were used for the validation of the simulation 
program. Before the data acquisition system in the rolling road could be used it had to 
be calibrated and validated. This was done and is described in Chapter 5. The rolling 
road also had emissions and fuel consumption data acquisition facilities. However, 
these were not made much use of since the emphasis of this project lay on driveability 
aspects rather than on economic considerations.
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DIS-Drive- A transportable data acquisition system
The transportable data acquisition system was developed to equip the hired vehicles 
during the experimental driveability work for the concurrent acquisition of objective and 
subjective data. To equip any one vehicle with the system (this included the installation 
and connection of all transducers in the vehicle) usually took about two days. The 
transportable data acquisition system was developed on top of an existing standard 
University data acquisition system called EMPS. This program allowed easy calibration 
of each variable that was to be acquired and this had to be done each time the data 
acquisition system was used. In its original function, EMPS was an engine management 
prototyping software system, with add on features so that it could also be used as a data 
acquisition system. When used in a vehicle, the program runs on a laptop computer 
which communicates with a Mecel ECU via a CAN bus. The system provides the 
possibility to acquire data on up to 8 channels in parallel and to display the data on the 
screen. All data acquired with this system were logged at 100Hz. The program was 
modified for the driveability work to include the capability to acquire subjective and 
objective data at the same time. This gave the test drivers the possibility not only to 
assess the vehicle by filling in the questionnaire online but also the possibility to 
comment on each transient, immediately after the test. The application of the type of 
sensor for each variable varied from vehicle to vehicle and is described below. In case 
of the Rover, special equipment was provided that allowed its ECU to be tapped; some 
of the signals were acquired directly with the Rover vehicle data acquisition system 
from the ECU, therefore for those variables, no additional sensor was required. The list 
of the following variables was chosen (see Chapter 3) to be recorded during the 
experimental driveability investigations
Pedal position: For the Ford Mondeo and the Vauxhall Omega, a linear potentiometer 
could be used and was attached to an accessible section of the accelerator cable within 
the engine compartment. For the Rover, this parameter was acquired by accessing the 
vehicle ECU. In case of the BMW, a potentiometer was installed directly measuring the 
pedal movement at the pedal itself. The pedal position sensor was calibrated in all cases
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by means of two data points: full and zero depression of the pedal position.
Vehicle acceleration: The same sensor was used for all vehicles, including the Rover. 
The acceleration sensor was in all cases attached to a large metal plate, which was fitted 
underneath the driver seat between the seat rails. The sensor worked according to the 
Hall principle, picking up the forces acting on a spring damper mass system from which 
the longitudinal vehicle acceleration was derived. The acceleration sensor provided a 
linear signal and thus could be calibrated by means of two distinct data points: holding 
the sensor vertically provides a signal that equals the gravity constant, holding it 
horizontally provides a zero signal.
Vehicle speed: In the case of the Rover, the vehicle speed signal could be obtained from 
the ECU. For the remaining vehicles, an optical transducer was attached to the wheel. 
A device to attach this sensor to the wheel hub had to be build for each vehicle. The 
sensor measured the wheel speed thus giving a signal which is proportional to the 
vehicle speed. Calibration of this signal was performed by comparing this signal to the 
speed signal from the rolling road.
Engine speed: For all vehicles, an inductive transducer was used for the measurement 
of the engine speed signal. The transducer was clipped around the injection leads where 
it measured the voltage peaks occurring during injection. The engine speed signal was 
validated by comparison with the speedometer in the test vehicle. In general, very good 
signal acquisition was achieved with the inductive sensor. However, the engine speed 
sensor failed to record the engine speed signal of the BMW for low engine speeds. The 
reason for this is that the respective control strategy employs multipoint injection in the 
low engine speed region and at the beginning of transients to make the torque generation 
smoother.
Data acquisition in the Ford Mondeo (GEMS controller)
Data were acquired in the test vehicle (GEMS controller) by means of the above 
described DIS system complemented by two more sensors. These additional sensors are
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described below.
Wheel torque sensor: For the acquisition of the wheel torque, a transducer was installed 
on the driveshaft. The torque transducer worked on an inductive basis and was used to 
investigate the relation between the acceleration trace and the wheel torque. The wheel 
torque sensor was calibrated by means of attaching different amount of weight to the 
wheel at defined distances. The main purpose of the wheel torque sensor was to 
determine if it was valid to equip the reference vehicles with acceleration sensors, e.g. a 
validation if the same information is included in the time trace of the vehicle 
acceleration as there is in the time trace of the wheel torque. This was shown by 
Schwab (1994) and this is also confirmed by the results shown in Figures 2-10 and 2- 
77, which were obtained during early experimental work of this project. The figures 
show two transients from two different starting velocities recorded on Coleme Airfield. 
A proportional relation between the wheel torque and the vehicle acceleration can be 
observed. Therefore it was regarded as valid to use an acceleration sensor rather than a 
wheel torque sensor.
Manifold pressure sensor: Acquisition of the manifold pressure in the Ford Mondeo 
was made possible by a pre-installed pressure sensor in the engine assembly. It simply 
had to be connected to the data acquisition system. This signal was used for the early 
validation work of the simulation program.
Data acquisition in the Ford Mondeo {dSpace controller)
The dSpace controller setup provides its own data acquisition program, which is called 
Trace. Apart from data acquisition, this program also provides real time data display on 
the laptop for data observation purposes. The program runs on the laptop 
communicating with the Autobox via a TCP link. Trace only works in correlation with 
a real-time program running on the Autobox and a trace file loaded into the workspace. 
All signals that can be observed with this program are divided into several subgroups in 
a tree like structure that follows the structure of the controller code. A browser displays 
all signals from the real-time program and they can be selected for display on the laptop
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or for data acquisition. A trace capture can be started and the results can be examined in 
plot windows for quick analysis. For more detailed analysis, data may be selected and 
saved to an intermediate data file (extension .idf). This data file has subsequently to be 
converted using Trace into binary format (extension .mat) and then using Matlab into 
ascii (extension. *.txt) format. Subsequently, the data can be imported into either Origin 
or Matlab for further analysis. The number of channels and the frequency of data 
acquisition is only limited by the capabilities of the laptop and this was not a problem.
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Figure 2-2: General schematic of the transmission layout
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E = EPICYCLIC GEARSET
Figure 2-3: The Torotrak transmission. From James (1997)
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Figure 2-5: High regime power flow. From James (1997)
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Mechanism for transmission of torque. From James (1997)
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Figure 2-7: The hydraulic control circuit. From James (1997)
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Figure 2-8: The dSpace controller hardware communicating with the other controller units in the test vehicle
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Figure 2-9: Test vehicle on the chassis dynamometer test facility
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Make: Rover Ford Vauxhall BMW
Model: 216Si/16V Mondeo 2.0i/16V Omega 2.0/16V 323 Ci/20V
Category: Middle Class Upper middle middle class
Body style: hatchback saloon saloon coupe
Engine: Line Line Line Line
Cylinder volume: 1590 1988 1998 2494
Aspiration: None None None None
Cylinders: 4 4 4 6
Charge: 10,5 10,8 10,5
P/kW(PS): 82(111) 96(130) 100(136) 125(170)
at: 6000rev/min 5700rev/min 5600rev/min 5500rev/min
Max. Torque: 145Nm 176Nm 185Nm 245Nm
at: 3000rev/min 3700rev/min 4000rev/min 3500rev/min
Drive: Front Front Rear Rear
Price: 35730 DM 42850 DM 63450 DM
C02-emissions: 195g/km 212g/km 239g/km
Curb weight: 1025kg 1328kg 1430kg 1410kg
Transmission CVT CVT AT AT
acc 0-100kph: 9.9s 9.9s 9s
top speed /kph: 190 206 230









7.8l/100km 8,81/100km 1 10l/100km
Table 2-1: Vehicles used for the acquisition of comparative data
University o f Bath Page 2-21
Chapter 3 Methodology of the driveability investigations
3. Methodology of the driveability investigations
To help develop a suitable methodology for driveability investigations, this chapter 
starts out with some general comments about the methodology of acquiring and 
correlating objective and subjective data. Then in Section 3.2.1, it describes the 
methodology of an earlier driveability project. Even though the main thrust of this 
project was distinctively different to the current project, it included driveability 
investigations of three vehicles with CVT transmissions. This part of the project did not 
have a high priority and the corresponding data were not thoroughly analysed until this 
project. The results of this analysis are shown in Section 3-3. All parts of this work that 
are related to the earlier project are referred to in the following text as part of Phase I  
and the methodology used in Phase I  is referred to as Methodology I. The results of the 
driveability investigations of Phase I  are then used to derive an improved methodology 
for driveability investigations, which is described in Section 3-4. This new methodology 
is referred to as Methodology II and is applied to four more vehicles, the results of which 
are presented in Chapter 4. The new methodology includes a re-definition of the test 
program and the questionnaire allowing better correlation between subjective and 
objective data. It should be noted that the most prominent and informative transient tests 
were kept in the new test program. The data for these tests were acquired with both 
Methodology I and II enabling cross project comparison of all results acquired with 
Methodology I. This overlap in methodology allowed the presentation of the results of 
all seven vehicles in Section 3-3.
3.1 R ela ting  sub jective  a n d  ob jec tive  d a ta
Collecting and comparing subjective and objective data is a technique applied by 
product development departments in many areas. Rodrigue et al. (2000) describe 
correlation of subjective and objective data in the food industry to investigate how much 
different sweetcom products were liked by food tasters. Liu et al. (1999) present a study 
in which different safety hats are compared with the emphasis on how safe these
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products are in an industrial environment. Methods common to both these papers are 
that they use ranking techniques and descriptive tests to classify the products. In the 
first paper, results were gained from both trained and untrained food tasters and when 
they were subsequently compared, little difference was found between the results given 
by the two test panels. Statistical methods are applied to the results in order to 
determine the statistical confidence of the data. The statistical part is most important in 
medical research, an example of which is provided by Dedering (1999).
Such techniques have also been applied to automotive research, e.g. by MIRA investiga­
ting the handling characteristics of vehicles. Farrer (1993) deals with the question of 
establishing an objective measurement technique for on-centre handling quality. 
Whitehead (1998) presents a case study of how the subjective data acquisition was 
performed for a research project correlating subjective driver opinions with objective 
vehicle handling data. The experimental work for both of these papers was carried out 
at MIRA’s proving ground in the UK. One of the aspects discussed in both the papers is 
the size of the test panel and whether some technical background was required to qualify 
for being a member of the panel. Ideally there should be a large number of drivers of 
different ages, abilities and backgrounds, however, due to the project’s highly technical 
nature and time constraints they used six (Farrer, 1st paper) and eight (Whitehead, 2nd 
paper) test drivers respectively, all with a technical background. Prior to the 
experimental testing, the panel received a minimum amount of training instruction. A 
test program (79 tests) and a questionnaire were developed as part of the work 
programme. The questionnaire contained 15 (Ist paper) and 49 (2nd paper) questions 
respectively and for each test drivers had to assign a rating on a scale from one to ten. A 
mixture of relative and absolute ratings was used. Relative rating techniques are only 
possible when a vehicle is used that either has a tuneable controller or if the hardware 
set-up can be easily modified. It was demonstrated how well the subjective data 
correlated to the objective vehicle response. Statistical methods were used to analyse 
the data. Considering the drivers as a group, the mean ratings showed very good 
correlation with objective data. The objective of the work was to establish objective 
performance criteria and the main result was that on-centre handling was identified as a
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function of three characteristics, steering activity, steering feel and vehicle response. 
The response time lag just failed to correlate with its subjective equivalent but otherwise 
showed itself to be a factor influencing vehicle response and overall on-centre handling 
quality.
3.2 D escrip tion  o f Methodology I
Section 3.2 gives some background of the previous research project and describes its 
methodology (Methodology I). This project was carried out at the University of Bath 
between 1993-96 by Deacon (1996). The main thrust of this work resulted in the 
development of a powertrain (combined transmission and engine) controller.
3.2.1 Background of Phase I
The driveability work was undertaken as part of a larger research project, the aim of 
which was to exploit the potential for emission reduction and efficiency improvement of 
a passenger car. This was carried out by integrating the control of an electronically 
governed Diesel engine and an electrohydraulically controlled continuously variable 
transmission (CVT). Different aspects of this work have been published in a series of 
publications by Deacon et al (1994) and Brace et al (1997, 1999). The basic concept of 
the CVT controller strategy was to use an IOL (ideal operating line) to determine the 
engine operation points during steady state operation. Deviation from this IOL was 
allowed during transients. The emphasis of the controller concept was to achieve low 
emission levels and to reduce fuel consumption. Several different transient controller 
strategies were developed, all of which had the steady state operating line as a basis, 
differing only in the way in which the controller allowed deviation from this IOL line 
during transients. The driveability work also produced some general guidelines for the 
control of CVT vehicles and how to achieve good driveability. However, since 
driveability was not given a high priority, it was not until the current project that the data 
were thoroughly analysed, the results of which were published by Wicke (1999) and are 
presented in Section 3.3.
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3.2.2 Methodology of Phase I
The approach to the driveability investigations was to acquire objective and subjective 
data during test-drives. To acquire objective data, the test vehicles were equipped with 
data acquisition hardware supplied by the Ford Motor Company. The main variables 
acquired were: engine and vehicle speed, vehicle acceleration and accelerator pedal 
position. Subjective data were acquired by means of the test drivers filling in question­
naires about their perception of the vehicle behaviour. The following paragraphs 
describe all remaining aspects of the used methodology. Due to the reasons stated 
above, the earlier project did not include a thorough investigation of the results. This 
was done as part of this project and the results are described in Section 3-3.
Test vehicles
The technical specifications of the vehicles used in the first phase of the project are 
listed in Table 3-1. The first vehicle used in the tests was a production Nissan Micra 
1.3L N-CVT (petrol engine and electronically and hydraulically controlled continuously 
variable transmission). The second vehicle used was a production Ford Orion 1.6L LX 
CTX (petrol engine and hydraulically controlled continuously variable transmission) and 
the third vehicle was the Ford Orion test vehicle from the powertrain project with a 1.8L 
IDl TCi Diesel engine and standard CTX hydraulically controlled CVT.
Test drivers
The tests drivers used to evaluate the vehicles were exclusively mechanical engineers, 
most of them were employed by one of the companies that supported the project. All 
remaining test drivers were members of the department of mechanical engineering at the 
University of Bath. The number of test drivers was exactly twelve for all test vehicles 
investigated in Phase I. This exceeds the number of test drivers used in the above 
described driveability work at MIRA. The technical background of the test panel is 
thought to have helped in keeping down the scatter of the subjective ratings to a 
satisfactory level.
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Objective data
Each test driver had to perform a number of transient tests. These tests are described in 
Table 3-2. Note that no objective data were recorded whilst the test drivers tested the 
vehicles. The data were acquired on another occasion by the principal investigators of 
the project, who performed and recorded each test several times. Also, note that the test 
numbers used in Table 3-2 do not have anything to do with the test numbers used in 
Phase II of the project.
Subjective data
The test drivers had to complete the questionnaire shown in Table 3-3. The 
questionnaire was designed so that the test drivers could describe their perception of the 
vehicle in different driving situations. It included questions about both driveability and 
performance attributes. A rating was assigned to each attribute in the range from 1 to 
10y with the latter being the best possible assessment. The full list of the ratings is given 
in Table 3-4 with an explanation for each mark. The subjective data were collected on 
paper and had to be processed afterwards, which was a laborious task.
3.3 D a ta  analysis o f  th e  resu lts  a cq u ired  w ith  Methodology I
Section 3.3 presents the data analysis of the experimental driveability results for all 
seven test vehicles. For each vehicle, the data were acquired with the same metho­
dology (Methodology I). Section 3.3.1 discusses which objective results were chosen for 
the data analysis and how the data were parameterised. In Section 5.3.2, suitable sub­
jective data were selected to assess the chosen objective data. Finally, correlations are 
discussed in Section 3.3.3 between the described subjective and objective data.
3.3.1 Objective results
All test drivers performed the tests described in Table 3-2. For the data analysis, only 
transient tests (Tests 3, 4, 7, 8 and 9) were considered. To further categorise these tests, 
they were grouped according to three distinct and real driveability situations. Those are
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Launch Feel, Performance Feel and Traffic Crawl as defined in Table 3-5. All other 
tests (Tests 1, 2, 5 ,6 ,1 0  and 11) were rejected from further analysis.
Quantification of the objective results
To correlate the objective data with subjective assessments, the objective data had to be 
parameterised. The tools chosen for this task will henceforth be referred to as ‘drive­
ability parameters’. In order to decide on a suitable set of such driveability parameters, 
it is instructive to consult work presented by Schoeggl and List (1998) and Dorey et al. 
(1999). They investigate the tip-in behaviour of vehicles with automatic and manual 
transmissions respectively. Examples of how driveability values were defined for 
investigations into gearshift behaviour are also described by Schwab (1994), Gebert 
(1997) and others. These publications assessed driveability parameters describing 
aspects of the vehicle acceleration as the most important influence on the driveability 
assessment.
Therefore, the driveability parameters chosen for this work also centred around the 
vehicle acceleration. Their definitions are shown in Figures 3-1 to 3-4. These include 
the magnitude of the vehicle acceleration (Fig. 3-1) and the initial rate of change of the 
vehicle acceleration (Fig. 3-2). The latter variable is referred to as the initial jerk value. 
The delay time of the peak acceleration (Fig 3-3) was considered for investigation, 
however, the objective data were not coherent enough to allow this parameter to be 
included in the analysis. Additionally to these aspects concerning the vehicle 
acceleration, the vehicle delay time was proposed as a further driveability parameter. A 
possible definition of the vehicle delay time may be the time between the first pedal 
movement and the point at which the vehicle has moved a couple of inches. This 
method, however, can only be applied for start from rest and not for Performance Feel 
or Traffic Crawl tests. Therefore the definition applied to the driveability investigations 
in this work was the time between a first change in pedal position and a first noticeable 
increase in the acceleration trace (Fig 3-4). This method is applied uniformly to all tests 
in all driveability categories.
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3.3.2 Subjective results
In a next step, suitable subjective assessments had to be selected to assess the chosen 
objective data for all of the three driveability categories. The choice was easy for the 
first two driveability categories, Launch Feel and Traffic Crawl, since these aspects had 
already been subjectively assessed as shown in Table 3-3. The allocation of subjective 
data to the last driveability category Performance Feel proved more difficult since it was 
theoretically possible to chose between the following different subjective aspects:
• Kick down shift behaviour (response and smoothness)
• Accelerator pedal effort/smoothness
• Full throttle overtaking/response when entering highway
• 50 km/h tip-in overtaking manoeuvre
• Overall Performance Feel
A choice was made by means of trial-and-error to chose the parameter that produced the 
best correlation between subjective and objective data and this proved to be the last 
parameter from the above list
The results of the chosen subjective assessments are shown in Figure 3-5. Each data 
point on this graph represent the average subjective category assessment of all 12 test 
drivers. In addition to the subjective assessment of the three driveability categories, the 
Overall Driveability (OD) rating is also shown. The OD rating is the most general 
rating describing the subjective feel of the vehicle and it is therefore also the most 
important one. Therefore, the order of the vehicles in this diagram was chosen to show 
increasing ratings for the Overall Driveability assessment from the left to the right side. 
The vehicle that was most liked by the test drivers (BMW) was fitted with an AT. Both 
AT excelled at Launch Feel due to the torque converter, which gives a good starting 
characteristic as shown amongst others by Greenwood et al (1993). None of the CVT 
vehicles were equipped with torque converters. More recently CVTs have started to 
appear with torque converters in order to improve their starting characteristics.
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3.3.3 Comparison of subjective and objective data
In a next step, subjective and objective data were correlated and this is shown in Figure 
3-6. The graphs correlate each of the selected driveability parameters (vehicle delay 
time, vehicle acceleration and vehicle jerk) with the respective subjective category 
assessments. Apart from the results for Launch Feel, there are two sets of results shown 
for Performance Feel, accounting for two different starting velocities (72 and 40kph). 
No results are shown for Traffic Crawl because no consistent correlations were found 
between subjective and objective data for all seven vehicles. The results are discussed in 
the following paragraphs separately for the two investigated driveability categories. 
Note that the labelling convention of the graphs in Figure 3-6 follows the example of 
Figure N-l.
Launch Feel: The results for the driveability category Launch Feel are shown in 
Figures 3-6(a,d and g). Figure 3-6(a) shows the correlation between the vehicle delay 
time and the subjective assessment for Launch Feel. With the exception of the Rover, 
whose very short DT does not seem to be rewarded, all other vehicles show good 
correlation between DT and the LF assessment. The two vehicles equipped with 
conventional automatic transmissions achieve the best subjective ratings. Figure 3-6(d) 
shows a positive correlation between the initial vehicle acceleration with the subjective 
assessment of Launch Feel. Again the AT equipped vehicles outperform the CVT 
vehicles in their subjective rating. Interestingly, the Ford Mondeo test vehicle received a 
worse subjective appraisal than seems warranted by its initial acceleration figure. 
Looking at the data, this is either due to the shape of the vehicle acceleration trace or its 
poor delay time. There is clearly a degree of coupling between delay and initial 
acceleration when assessing Launch Feel. This has led to a revision of the subjective 
appraisal questionnaire to include separate assessments of delay and initial acceleration 
for each manoeuvre (as described from Section 3.4 onwards). Figure 3-6(g) shows no 
clear correlation between jerk and Launch Feel assessment. Jerk is therefore not 
regarded as being important in this driveability category. Delay time and initial 
acceleration are the dominant variables in the subjective assessment of Launch Feel.
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Overall Performance Feel: The second and third row in Figure 3-6 correlate the drive­
ability parameters with the subjective category assessment for the starting velocities 12 
and 40kph. As shown in Figure 3-6(b) and (c), the DT and the Performance Feel 
assessment correlate well for both starting velocities for all seven vehicles. Figures 3- 
6(e) and (f) show good correlations between the vehicle acceleration and the Performan­
ce Feel assessment for both starting velocities. Good correlations are also shown in 
Figure 3-6(h) for a starting velocity of 12kph.
3.3.4 General discussion
Subjective and objective results of experimental driveability investigations were 
inherited from an earlier project. The objective tests were categorised in different 
driveability categories, which enabled to correlate subjective and objective data even 
though the subjective ratings of the test drivers were given independently from the 
objective data acquisition. This analysis lead to the following conclusions: Acceleration 
values and delay times showed better correlation than jerk in the subjective assessment 
of Launch Feel. All three used driveability parameters showed good linear correlations 
for the Performance Feel, due to its gradient, the influence of the delay time can be 
identified as the most influential parameter for this driveability category.
However, despite these good correlations, a lack of quality in the methodology was 
identified. This resulted in the fact that the experimental results can not be used for the 
investigation into more subtle effect or for finding the cause of low individual 
assessments. This shows a clear need to refine the current methodology for further 
driveability investigations, the development of which is further described in Section 3-4.
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3.4. T h e  developm ent o f a  re fin ed  m ethodology (M ethodology II)
The recommendations which were discussed above were taken as a basis for planning 
the methodology used for the experimental driveability investigations in Phase II.
3.4.1 Aspects of the refined methodology
The main improvement when compared to the previous project is that for each 
individual test performed both subjective and objective data were recorded for later 
analysis. A transferable data acquisition system called DIS-Drive was developed that 
could be installed with only a few modifications into a new vehicle within two days. 
This program is described in Chapter 2.4. Although, this procedure generated large 
quantities of data this was considered necessary to allow the reasons for a particular 
assessment to be determined. If a driver returns an unusually low appraisal figure this 
may be explained by an unusually slow application of the accelerator pedal or a final 
position which was too low. Tests with such extreme deviations in objective data were 
excluded from further analysis. Alternatively it may be due to the normal differences of 
opinion between test drivers. The objective data allow these effects to be investigated.
Test program
The most meaningful tests of Phase I  were taken as the core test program for Phase II. 
These tests are described in Table 3-6. Around these tests, a new and extended test 
program was developed to include about 15 tests from three different driveability 
categories. There was some variation because not every test was performed with each 
vehicle, e.g. start from rest with 25% pedal input was not considered to be important for 
some of the vehicles, plus the program was modified after the first test series with the 
Rover to include tests for Traffic Crawl, a driveability category that was initially not 
intended to be investigated. The tests were subsequently included so that the data could 
potentially be analysed at a later data. Test 1 was abandoned after the first test because 
the test drivers did not consider it to be important, but was re-introduced for the last test
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series of tests with the BMW to have a complete set of objective data. A complete 
description of which tests were performed with which vehicles is given in Table 3-7.
The tests were chosen so that they would cover the most common transient manoeuvres 
a driver might encounter during daily driving. The drivers were asked to emulate a step 
input with the accelerator pedal with the aim that all drivers would be exposed to a 
similar vehicle response. This was done to reduce the scatter of the objective data.
Tests with 100% pedal inputs: There is some critisism that full throttle input acceler­
ations are not a suitable way to investigate the driveability of CVT vehicles, since the 
vehicle response depends to a large extent on the engine characteristic. However, 
according to Porsche (Kraxner (1999)), the full throttle acceleration is a very important 
general criterion for the evaluation of the driving dynamics of any vehicle. It determines 
the way in which a car responds to a strong acceleration input. Therefore, this test is 
important to be included in the test program, also for investigation into CVT specific 
behaviour. Furthermore the tests with 100% throttle input are very useful when 
comparing results between different vehicles because the drivers inputs and therefore the 
corresponding data are very similar. For the same reasons, these tests are also very 
useful for validation purposes.
The test panel
As described all test drivers participating in the experimental testing of Phase I  had a 
technical background and the same is true for the projects conducted by MIRA as 
presented in Section 3.1. It was also shown that the number of test drivers was sufficient 
in both projects to obtain statistically valid correlations between subjective and objective 
data. Considering this, twelve test drivers with a technical background are considered to 
be the optimum number for this research work. However, the number of test drivers 
varied slightly from vehicle to vehicle, the exact number for each vehicle is given in 
Table 3-8. This gave some allowance in case something went wrong with either the data 
acquisition system or the data transfer back to the desktop computer. Furthermore, it 
allowed some tests to be excluded from the analyses in case the pedal input was unusual
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high, low or too slow. The criteria for excluding tests from the analysis are discussed 
later. The small number of test drivers also allowed the tests to be conducted in one 
week, which was the average loan period for which the reference vehicles were given to 
the University of Bath. All test drivers were members of the Department of Mechanical 
Engineering at the University of Bath.
Instructions given to the test drivers
A small amount of introductory training was given to the test drivers before they started 
to drive the vehicles. This consisted of a description of which tests were to be 
performed and which aspects had to be assessed. The test drivers then had the 
opportunity to test drive the vehicle for a while to get used to them and to have the 
opportunity to perform different pedal position inputs with feedback on the accuracy 
with respect to the required pedal position. As part of the training the definitions of all 
aspects that had to be assessed were given to the drivers as shown in Tables 3-9 and 3- 
10. The aspects shown in Table 3-9 had to be assessed after each test and the aspects 
shown in Table 3-10 had to be assessed after a driveability session (this includes all 
twelve tests per driver for one vehicle). Assessing the vehicles in this way uses the same 
data acquisition methodology as in Phase I  and allowed the described inter project 
comparison of the experimental results. The assessment was carried out by the test 
drivers assigning a number in a range between 1 and 10, the meaning of these numbers 
is the same as in Phase I  (see Table 3-4).
3.4.2 Objective results
The extension of the test program to include not only continuously variable 
transmissions but also conventional automatic transmissions, plus the fact that a much 
wider speed range and more diverse pedal inputs were investigated, required a re­
definition of the driveability values. This is discussed in the following section and the 
resulting definitions are shown in Figures 3-7 to 3-9 alongside the objective data for 
each test.
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Quantification of the objective data of Launch Feel
Figure 3-7 shows the results for Tests 2-4 conducted for Launch Feel for all four 
vehicles in Phase II. Even though most of the acceleration traces share a similar basic 
shape with a distinct peak acceleration and subsequent tailing off of the acceleration 
trace, there are clear differences between the investigated vehicles and the following 
definitions are proposed to describe these differences.
Vehicle delay time: The delay time is defined as the time between a first change in 
pedal position and the first time the acceleration increases. Tests with hesitant 
application of the accelerator pedal made the vehicle delay impossible to determine. All 
these tests were therefore excluded from the analysis.
Initial and total acceleration: The acceleration trace can be characterised by the 
amounts of initial and total acceleration which can vary significantly. The end of the 
initial acceleration phase can be identified by a significant reduction of the gradients of 
both the engine speed and the vehicle acceleration.
Jerk / Average jerk: The jerk value is defined as the rate of change of acceleration. 
This can be determined by dividing the amount of initial acceleration by the duration of 
the initial acceleration.
Quantification of the objective data of Performance Feel
Performance Feel includes Tests 8-15 with starting velocities of 12, 40 and 60kph. 
These tests are shown in Figures 3-8 to 3-9. Downshift occurs in some of the tests for 
vehicles with conventional ATs. The equivalent to a downshift for the Torotrak CVT is 
a regime change. The vehicle response is significantly different when including a gear 
shift and this made the definition of additional driveability values necessary.
Vehicle delay time/ Total vehicle delay time: The vehicle delay is measured between 
the first pedal movement and a first movement in the acceleration trace. Gear shifts 
(AT) or regime changes which resulted in two very distinct acceleration phases (CVTs)
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made the definition of a second delay time necessary. This additional driveability value 
is called total vehicle delay time (TVD). It is the time from the first pedal movement 
until the acceleration picks up a second time.
Acceleration/ Total acceleration: For tests of vehicles with ATs in which no gear 
change occurred, there is no ambiguity as to how to define the acceleration value. If a 
gear change occurred, it has to be identified as being either a kick-down, which happens 
at the beginning of the acceleration, or a gear change at the end of the acceleration, 
which will be referred to as a passive gear change. In the case of the former, the 
acceleration is treated normally with the initial acceleration phase beginning after the 
total vehicle delay. Gearshifts occurring at the end of the acceleration marks the end of 
the initial acceleration phase.
Jerk/ Average jerk: The jerk value is defined as the value of the initial acceleration 
divided by the duration of the initial acceleration. The average jerk is the total 
acceleration divided by total vehicle delay.
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Nissan Micra Ford Orion Ford Orion
(petrol) (petrol) (diesel)
Fuel Petrol Petrol Diesel
Engine Size /L 1.3 1.6 1.8
Mass / kg 850 1100 1100
Power to Weight Ratio / (W/kg) 70.6 60 45.5
(100%) (86%) (71%)
Transmission VDT VDT VDT
Control Electronic Hydraulic Hydraulic
Table 3-1: The test vehicles investigated in Phase I
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TEST DESCRIPTION
Test 1 Constant speed driving in DRIVE: The aim of this test was to drive the vehicle at 
various constant speeds with the transmission set to DRIVE.
Test 2 Constant speed driving in LOW: The aims of this test were the same as for test 1. 
The transmission was in the LOW setting.
Test 3 Tip-in response/smoothness (acceleration to maximum speed) in DRIVE: Here the 
test started with the vehicle driven at a constant speed. The accelerator was then 
depressed and held at either a quarter, half or fully down. The response of the vehicle 
and powertrain to this action was then assessed in terms of smoothness and rates of 
change of speeds and ratios.
Test 4 Tip-in response/smoothness (acceleration to maximum speed) in LOW: The aims of 
this test were the same as for test 3 with the transmission in LOW setting.
Test 5 Deceleration smoothness (Deceleration from 100 km/h to idle in DRIVE): For this 
test, the vehicle was accelerated to a constant speed and then allowed to decelerate to 
rest. The way the engine speed was controlled and the rate of vehicle deceleration 
were of particular interest in this test
Test 6 Deceleration smoothness (Deceleration from 100 km/h to idle in LOW): The aims of 
this test were the same as for test 5. The transmission was in the LOW setting. This 
setting is particularly designed to produce more engine braking effect on the vehicle.
Test 7 Acceleration from rest to maximum speed in DRIVE (wide open throttle ramped over 
1 second): The aim of this test was to investigate the response of the vehicle and 
transmission when undergoing hard acceleration from rest. The initial period 
involves the scheduled clutch engagement and the test enables the effects of this to be 
seen on the overall smoothness.
Test 8 Acceleration from rest to maximum speed in LOW (wide open throttle ramped over 1 
second): The aim of this test was the same as for test 7. The transmission was in the 
LOW setting.
Test 9 Acceleration versus pedal position (from idle to maximum speed) in DRIVE: In this 
test the pedal was depressed a set amount with the vehicle at rest causing the vehicle 
to accelerate to a maximum speed. The aim of the test was to measure the change in 
vehicle and transmission response against pedal position.
Test 10 On/offron acceleration in DRIVE: This test was an attempt to excite oscillations in 
the driveline causing a second order type response in the longitudinal acceleration of 
the vehicle. The speed of decay of any induced oscillation could yield further 
information about the dynamics of the transmission.
Test 11 On/offron acceleration in LOW: The aims of this test were the same as for test 10.
Table 3-2: Description of the tests performed at Phase /. From Deacon (1996)
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Driveability attributes_______________________
Driveability smoothness and response (forwards) 
Driveability smoothness and response (backwards) 









Full throttle overtaking/response entering highway
50 km/h tip-in overtaking manoeuvre__________
Fun to drive impression_____________________
Overall performance feel____________________
NVH attributes_________________________
Idle noise/vibration in neutral (vehicle stationary) 
Idle noise/vibration in reverse (vehicle stationary) 
Idle noise/vibration in drive (vehicle stationary) 
Transmission drive noise
Reverse gear noise______________
Engine presence during ratio change 
Overall NVH
Table 3-3: Aspects used for the subjective assessments for the
tests performed in Phase I. From Deacon (1996)
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9 Very good Trained observer
10 Excellent Not perceptible
Table 3-4: Ratings index used for completion of vehicle assessment questionnaires
Launch Feel The tests in this category involved starting from rest with different but 
mainly large pedal movements.
Traffic Crawl The starting velocity of the tests in this category are low {3,12 and 40 
kph) but more importantly, the pedal movements are low (below 25% 




In this category, the drivers expected the cars to provide maximum 
performance quickly, e.g. when joining a motorway or overtaking 
another vehicle. The pedal position is always depressed half way or to 
its maximum position. The starting velocities of this driveability 
category were 12, 40 and 60kph.
Table 3-5: The definition of the driveability categories
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Description of the test Driveability Category SV/kph Pedal Input/ %
Test 4 Launch Feel 0 100%
Test 9 Performance Feel 12 100%
Test 13 Performance Feel 40 100%
Traffic Crawl Traffic Crawl <5 <30%
Traffic Crawl 12 <30%
Table 3-6: Tests used for the analysis of data of Phase I  and as the core tests
of Phase II
Test SV/PP Category Rover Ford Vauxhall BMW
l Okph/25% Launch Feel R1 B1
2 0kph/50% Launch Feel R2 FI VI B2
3 Okph/75% Launch Feel R3 F2 V2 B3
4 0kph/100% Launch Feel R4 F3 V3 B4
5 2kph/25% Traffic Crawl F4 V4 B5
6 12kph/25% Traffic Crawl F5 V5 B6
7 40kph/25% Traffic Crawl F6 V6 B7
8 12kph/50% Performance Feel F7 V7 B8
9 12kph/100% Performance Feel F8 V8 B9
10 40kph/25% Performance Feel R5
11 40kph/50% Performance Feel R6 F9 V9 BIO
12 40kph/75% Performance Feel R7
13 40kph /100% Performance Feel R8 F10 V10 B ll
14 60kph/50% Performance Feel R9 F ll VI1 B12
15 60kph /100% Performance Feel RIO F12 V12 B13
Table 3-7: Tests proposed for the experimental driveability work program in
Phase II
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Vehicle: Project: Number of drivers:
Nissan Micra Phase I 12
Ford Orion (Petrol) Phase I 12
Ford Orion (Diesel) Phase I 12
Rover 216 Phase II 12
Ford Mondeo Phase II 12
Vauxhall Omega Phase II 12
BMW 325 Cl Phase II 18
Table 3-8: Overview of the test vehicles and the number of test drivers
of Phase I  and II
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Engine Delay: Time between a first change in pedal position and a first noticeable change in 
the engine speed. A high mark should be given, if the engine delay time was felt 
as being appropriate. If it was not thought to be appropriate, the driver has the 
opportunity to comment whether it was too long a delay or too short a delay.
Vehicle delay: Time between a first change in pedal position and a first noticeable change in 
the vehicle speed. A high mark should be given, if the vehicle delay time was 
felt as being appropriate, but note that this depends on the driving situation. If it 
was not thought to be appropriate, the driver has the opportunity to comment 
whether it was too high a delay or too short a delay.
Smoothness: Smoothness is the absence of unwelcome discontinuities or disturbing 
vibrations (e.g. caused by load reversals or stiction) in the driveline over the 
whole time of the manoeuvre until shortly before the pedal is released again. 
The smoother the ride, the higher the assessment should be. If it was not 





This aspect assesses the sensation felt by the driver - after the vehicle delay - of 
the initial change in acceleration (initial push back in the seat). This change 
occurs in a narrow time window of up to half or one second. A high mark 
should be given, if the jerk was felt as being appropriate, but note that this again 
depends on the driving situation. If not, the driver has the opportunity to 
comment whether it was too big or too little a jerk.
Acceleration
feel:
The sensation felt by the driver of the vehicle response to an increase in pedal 
position over about a 5 second time period. The time period starts after the 
vehicle delay, when the acceleration can be felt for the first time and ends 
before the driver releases the pedal. A high mark should be given, if the 
acceleration was felt as being appropriate, which again depends on the driving 
situation. If it was not thought to be right, the driver has die opportunity to 




All aspects mentioned earlier should be included into this category as a single 
mark. Confidence in controlling the vehicle and predictability of vehicle 
responses should lead to a high assessment.
Table 3-9: Aspects that had to be assessed after each individual driveability test
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Launch Feel: Single lumped assessment for Launch Feel for all tests together. Launch Feel 
is the behaviour of the vehicle when starting from rest with different pedal 
position inputs.
Traffic Crawl: Single lumped assessment for Traffic Crawl for all tests together. Traffic 





Single lumped assessment for Overall Performance Feel for all tests together. 
Performance Feel is the ability of the vehicle to respond to large pedal inputs 
at medium or high vehicle velocities, as might occur when joining a 




Single lumped assessment for Overall Driveability Feel for all 12 tests 
together.
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Figure 3-1: The definition of the amount of the vehicle acceleration
University o f  Bath Page 3-22












T im e / s


















T i m e / s
Figure 3-3: The definition of the peak acceleration delay time
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Figure 3-4: The definition of the vehicle delay time
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Figure 3-5: Results of the category assessments
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Figure 3-6: Influence of the vehicle DT, TAV and the vehicle JV on the category
assessments for all seven test vehicles
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Figure 3-7: Definition of the driveability values for Launch Feel
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Figure 3-8: Definition of the driveability values (Tests 8/9 and 12/13) for Performance Feel
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Figure 3-9: Definition of the driveability values (Tests 14 and 15) for Performance Feel
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4. Results of the experimental driveability investigations
This chapter presents and analyses the results of experimental driveability investigations 
in Phase II. The chapter starts off by explaining how the data acquired on the airfield 
were prepared for analysis and which statistical methods were applied to the data and for 
what reasons. Then experimental results are shown and discussed. This includes 
objective and subjective data as well as a correlation of both. The results are first shown 
for each vehicle separately and then a comparison is made between the four vehicles 
which were investigated in the second Phase.
4.1 Data analysis
The subjective and objective data discussed below are from experimental driveability 
investigations carried out at Coleme airfield. The data were acquired by means of the 
transportable data acquisition system DIS (described in Section 2.4) and saved on a 
Toshiba laptop computer. Three data files were recorded for each driveability test:
• one file for the objective data
• another file for the subjective data (answers to the questions in Table 3-9)
• a data file that included information about the driver and the test vehicle as well as 
the drivers comments.
The three data files shared the same name but had different extensions. As there were, 
on average, twelve transient tests performed for altogether seven vehicles by an average 
of twelve test drivers, this amassed to more than a thousand data files. In addition to 
these data files, one more file was recorded per driver after he had finished a complete 
driveability session (this included all twelve tests for one vehicle). This file included the 
subjective session assessments (these were the answers to the questions in Table 3-10).
The recorded information had to be extracted from the respective data files on the laptop 
computer and put into an appropriate file format for the desktop computer. The data had 
to be transferred to the desktop, because much more file space was available on the
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desktop computer. The software package Microsoft Excel (rather than Origin) was 
chosen for the data analysis on the desktop computer because it was thought to be more 
convenient for the data handling. For the further data analysis, as a first step, one Excel 
data file was created per test that contained the objective data and time response graphs 
of each recorded parameter which were plotted on separate spreadsheets. The recorded 
parameters were the engine speed, the vehicle speed and the vehicle acceleration. For 
the Ford Mondeo, the manifold pressure and the wheel torque were also recorded. This 
data file allowed a first visual assessment of the quality of the recorded data and the 
validity of the respective tests for further analysis. In a next step, the objective data had 
to be processed (to be able to correlate them with subjective data), to obtain the relevant 
driveability values for of each test. This procedure returned a numerical value for each 
driveability parameter. These sets of data were put into new Excel files alongside the 
respective subjective assessment of the test drivers. These data files contained therefore 
all relevant numerical information from the subjective and objective data recorded for 
each test These two data files were a powerful tool when making decisions about which 
tests should be excluded from further analysis. The remaining data riles (without the 
excluded results) are documented for all vehicles in the Appendix.
The technique of recording data for all objective tests, lead to a huge amount of raw data 
and processed results. The presentation of all of these results in this thesis is unfeasible 
because of size constraints, and also due to the varying significance of the correlation 
results. Therefore the results were limited by confining the driveability parameters to 
those with the most significant results.
4.1.1 Initial selection of the proposed driveability values for Phase II
The original list of driveability parameters chosen for the driveability investigations in 
Phase II was based on the ones from the analysis of the experimental results in Phase I  
(the vehicle delay, the initial vehicle acceleration and the initial rate of change of the 
vehicle acceleration). This list was extended for the data analysis of Phase II. The
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selection of the additional parameters was made during experimental test work. This 
produced the following additional driveability parameters:
•  initial rate of change of engine speed
• the engine delay
• delay time until the peak acceleration
• gradient of the vehicle acceleration after the peak acceleration
The usefulness of each of these parameters as tools for the driveability investigations 
had to be investigated. This was done by applying them to subsets of the objective data. 
The first additional driveability parameter is the initial rate of change of engine speed 
and this parameter was proposed as a tool to investigate the differences between 
conventional automatic and continuously variable transmissions. It should be a suitable 
tool for this, due to the inherent freedom of CVTs allowing the engine speed to be 
controlled independently from the vehicle speed. Good correlation was found for one 
specific test as shown in Figure 4-1 for the Ford Mondeo. The test points illustrated in 
this figure represent the results for different test drivers and a linear plot can be 
superimposed over the data points. However, no evidence was found that this specific 
driveability parameter provided good correlations for other tests or for inter-vehicle 
comparison. The failure of this specific driveability value to produce more widespread 
and meaningful correlations might be due to differing sound insulation between the 
engine compartment and the passenger compartment in the different vehicles. This 
affects the noise level which the drivers were exposed to. Alternatively it might be due 
to this parameter not being significant for the given aspects that had to be assessed.
The next parameter to be investigated was the engine delay and this parameter was also 
proposed due to the nature of CVT vehicles, allowing this parameter to be varied as 
discussed in Chapters 6 and 7. Figure 4-2 shows a good linear correlation between the 
engine delay and the overall driveability assessment of Launch Feel. Note the lack of 
data for the engine speed signal of the BMW in this figure. Also shown in this Figure 
are the standard deviations, a statistical means for data analysis that will be discussed in 
more detail later on. Correlations for the engine delay in other driveability categories
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were not found. The third and fourth parameters, the delay time of the peak acceleration 
and the gradient of the vehicle acceleration after the peak acceleration, were suggested 
by drivers comments during the experimental work. These parameters were correlated 
with the Performance and Acceleration Feel Assessment of each test. However, no 
significant correlation could be found between subjective and objective data for these 
parameters.
The remaining driveability parameters were the same ones that were already used in the 
data analysis of Phase I. Each of these three parameters was divided into two sub­
parameters - as discussed in Section 3.4.2. This resulted in a list of six parameters 
altogether:
• vehicle delay time (DT) and total vehicle delay time (TDT)
• initial (AV) and total vehicle acceleration (TA)
• jerk (JV) and average jerk value (AJV)
It was only these six driveability parameters that provided consistent correlations 
between subjective and objective data and therefore they were used for the full data 
analysis. All other driveability parameters were excluded from further investigations.
The amount of subjective data was also able to be reduced. During the experimental 
work, the drivers had to assess each test for six aspects as outlined in Table 3-9. Out of 
these six parameters, only the following four parameters provided good correlations: 
vehicle delay, jerkiness, acceleration feel and overall driveability feel. The remaining 
two aspects that had to be assessed were therefore ignored. These were the engine delay 
(as discussed above) and the smoothness. The dismissal of the latter parameter has not 
been discussed, but it was excluded because it did not deliver good correlations.
The results also had to be visualised for presentation purposes. This was done by 
creating graphs with the software package Origin. This software program was chosen 
because its graphs look more professional than the graphs of other comparable software 
packages. The graphs presented are discussed in Section 4.2.
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4.1.2 Statistical Considerations
Having reduced the amount of results to be analysed, statistical methods were applied to 
the remaining data. The main objective of this statistical investigation was to find out 
how much confidence can be associated with the experimental test results. There are 
different statistical parameters that can be used as indicators, e.g. the frequency 
distribution of the subjective and objective test results and the standard deviation, both 
of which will be discussed in the following paragraphs.
Frequency distribution of the results: A method of investigating the nature of the 
frequency distribution is by visual assessment of the respective frequency plots of the 
test results - as described by Clegg (1982). Frequency plots were created for all results, 
a selection of which are presented. The frequency distributions for both vehicles 
equipped with ATs are very similar, and therefore plots for the BMW are taken as the 
representative set of results. Figure 4-3(a) shows the frequency distribution of the 
subjective overall driveability assessments from the seventeen test drivers for Test 1 (the 
definition of this test is shown in Table 3.1). Figures 4-3(c) and (d) show the frequency 
distribution of the subjective overall driveability assessments for Performance Feel and 
Launch Feel. Considered in these graphs are the test scores of all test drivers for all the 
tests carried out in each category. Figure 4-3(b) gives an example of the frequency 
distribution of objective data, in this case the vehicle delay. To be able to represent the 
data in this form, the vehicle delay was discretised in small time units of 0.2s. The 
graphs show that even though the frequency distribution of the subjective data is 
saturated at the upper end of the scale, otherwise both the subjective and objective data 
are best described by a normal distribution.
The standard deviation: The values of the standard deviation were determined and 
illustrated for some driveability parameters over a range of different driving conditions 
and the results are shown in Figure 4-2 and Figures 4-5 to 4-7. To be able to create 
such plots, a certain depth of correlation between subjective and objective data is 
required. This is only available from the data collected in Phase II because of the
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improved data acquisition techniques. In order to get a satisfactorily large number of 
data points, the graphs are shown for all tests per category which were acquired with 
similar pedal inputs. The colours used in these figures follow the definitions of Table N- 
1 of the Nomenclature. The area covered by the horizontal and the vertical standard 
deviation of each test covers 65% of the subjective and objective test data. The smaller 
the standard distribution of both the objective and the subjective data, the better the 
confidence associated with the results. Ideally the area associated with one test does not 
touch the area of another test, proving that the test drivers could clearly distinguish the 
variations in the objective data. However, due to the highly subjective nature of this 
investigation, however, such ideal behaviour cannot be assumed. However, different 
techniques can be applied to minimise the standard deviation in the horizontal and 
vertical directions, thereby reducing this area and improving the quality of the 
experimental results. The horizontal standard deviation of the objective data can be 
reduced by increasing the number of objective tests and only considering tests with very 
similar objective data. This was done for this project by not taking into account tests 
with extreme deviations from the norm. However, the possibilities for further reducing 
the objective scatter in this project are constrained due to the limited resources of the 
University in terms of time and material. This resulted in a limited number of test data. 
The standard deviation of the subjective data in the vertical direction is due to subjective 
preferences of the test drivers and is expected to have a maximum value when the test 
drivers represent a cross section of the whole population. Minimising deviation can be 
achieved by choosing a test panel representing a sub-section of the whole population 
with similar interests and characters as described by Schoeggl (1999). It is therefore 
expected that a group consisting solely of e.g. women, mature drivers or as in this case, 
young male engineers reduces the scatter of the subjective results significantly.
As an example of the standard deviations of the data from of this work, Figure 4-5 
shows the tests carried out for Launch Feel with large pedal movements (75 and 100%). 
These are Tests 3 and 4 and each test is represented by one reference point. These two 
tests were specifically chosen since high pedal inputs provide better correlations than the 
low pedal inputs -  this will be shown and discussed later on. The next two Figures show
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correlations of different driveability values with the overall driveability (OD) assessment 
for the same tests as Figure 4-5: Figure 4-6 shows the standard deviation in a plot that 
correlates the acceleration value with the respective overall driveability assessment and 
Figure 4-7 shows the correlation between the jerk values with its subjective assessment 
for Performance Feel. The tests with 100% pedal input are compared, which results in 
three test points per vehicle. It can be observed that the standard deviation for the 
subjective results of the Ford Mondeo test vehicle are much higher than the standard 
deviation of the remaining vehicles. This is because only very few of the test drivers 
had driven a CVT vehicle before.
Investigations were also made into normalising the subjective data and different 
techniques were applied for this. For example dividing the subjective results by the 
average subjective assessment of the individual vehicle or dividing the subjective data 
by the average assessment of the respective individual person. No benefit was found by 
the normalisation and therefore all the data presented in this thesis are not normalised.
Outcome of the statistical considerations: It is recognised that in statistical terms 
some of the data sets are relatively small. Furthermore, due to the subjective nature of 
this research work, there are relatively high standard deviations. However, other 
research institutions have worked with smaller data sets and still produced statistically 
valid and sound results as discussed in Section 3.1. The graphs discussed in the previous 
section showing the standard deviations were used as a tool to visualise how uniformly 
the transient tests were assessed and this is an indicator of how much confidence can be 
associated with the data. With the available sample size, the results are considered to be 
valid. The study of the standard deviation supports the significance of the results 
obtained. On balance the results provide pieces of evidence that support the validity of 
the data used in this investigation.
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4.2 Results of the experimental driveability investigations of Phase II
The results of the experimental driveability investigations are presented separately for 
each driveability category and discussed individually for each vehicle. Firstly, tests of 
Launch Feel are discussed in Section 4.2.1 followed by the results of the tests of 
Performance Feel in Section 4.2.2. The tests of Traffic Crawl were recorded for three 
vehicles. However, no meaningful correlations could be established between them and 
therefore they were not included in the following test analysis.
The sequence in which the results are presented is the same for both driveability 
categories. For presentation purposes, one set of objective data was chosen per test to 
represent the average objective vehicle response of all twelve test drivers. The 
terminology ‘a set of objective data* is used in this section to refer to time response 
graphs of the vehicle acceleration and the engine speed. These two variables are 
considered to be the most important ones and therefore sufficient to represent the 
driveability tests. These graphs showing the objective results are followed by graphs 
that correlate the subjective with the objective data.
4.2.1 Results for Launch Feel
The objective results for the driveability category Launch Feel are shown in eight graphs 
in Figure 4-8. Numerical information is added on each graph showing the pedal input 
associated with each test and the subjective category assessment for all the tests shown. 
Figures 4-9 and 4-10 show graphs in which objective data in the form of a numerical 
equivalent of each driveability value are correlated with their respective subjective 
assessments. Each point represents the average subjective assessment and the average 
objective data obtained from all test drives for a particular test. The subjective 
information is given on the vertical axis and the objective information is given on the 
horizontal axis. Good correlations between the subjective and objective data in these 
graphs would indicate that the test drivers are able to sense the driveability characteristic 
which is described by the driveabilty parameter. Figures 4-11 and 4-12 show graphs 
that correlate the objective data (in the form of a numerical equivalent of each drive-
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ability value) to the subjective Overall Driveability rating. This form of representation 
of the results allows the influence of each driveability parameter on the overall 
driveability to be investigated. The results are discussed below separately for each 
vehicle.
BMW: The time representation of the vehicle acceleration transients of the BMW for 
Launch Feel are shown in Figure 4-8(a). For all pedal inputs, the vehicle response of 
this vehicle is dominated by the operation of the torque converter which results in high 
torque multiplication and a well damped vehicle response allowing only small 
oscillations. This graph shows that the vehicle jerk values (JV) and the vehicle 
acceleration values (AV) of the vehicle response are higher for larger pedal inputs, 
which is best described by the term progressive behaviour. Such vehicle behaviour can 
be achieved by means of good co-ordination between the pedal characteristic and the 
engine controller unit. Many test drivers liked the progressive behaviour of the BMW 
and rewarded it with high test scores in the individual tests. Additionally, as can be seen 
in Figure 4-9(a), the vehicle delay times (DT) of the vehicle decrease evenly with 
increasing pedal position movements, and this adds to the sense of progressive vehicle 
behaviour. Figures 4-9(a) and (b) as well as Figures 4-10(a) and (b) correlate the 
objective results with their average subjective assessments and it can be observed that 
there are generally good linear correlations between the subjective and objective data. 
Shorter delay times (DT) and higher jerk (JV) and acceleration values (AV) were all 
rewarded with higher subjective assessments. The exception is Test 3 (75% pedal 
input), where higher AVs compared to Test 2 (50% input) lead to a lower acceleration 
assessment The BMW also had the highest Launch Feel (LF) Category (8.25) 
assessment, as shown in Figure 4-8(a).
Vauxhall: It can be observed by looking at the shape of the acceleration time traces in 
Figure 4-8(c) that the behaviour of the Vauxhall during Launch Feel was also dominated 
by the torque converter. However, the vehicle behaviour over the tests is less 
progressive than that of the BMW and the corresponding subjective average assessments 
are less coherent There are no meaningful correlations in Figures 4-9(c) and (d) as well
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as Figures 4- 10(c) and (d). Better correlations are achieved when the objective data are 
correlated with the overall driveability ratings: linear correlations are shown in Figures 
4-11(c) and (d) for the vehicle delay and the vehicle jerk values. Interestingly, the 
Vauxhall was the only vehicle with negative correlation between the jerk values (JV) 
and the overall driveability assessment of the individual tests as shown in Figure 4- 
11(d). The likely reason is that this vehicle was seen as being a refined car, and 
therefore the test drivers expected smooth behaviour rather the jerkiness, which might be 
expected from a more sporty vehicle.
Rover: The Rover did not have a torque converter and the objective results shown in 
Figure 4-8(e) show very definite non-progressive behaviour. The Launch Feel assess­
ment is significantly lower than the assessments for the two automatic transmissions. 
The graphs in Figures 4-9(b) and 4-10(b) show only mediocre and occasional 
correlations between subjective and objective data. Counter intuitive correlations are 
shown in Figures 4-9(e) and 4-11(e) between the vehicle delay times (DT) and both its 
equivalent subjective assessment and the overall driveability rating. This may be 
explained by the fact that the vehicle delay time reduction with increasing pedal inputs 
was too small to satisfy some drivers’ expectations. Figures 4-10(e) and (f) show the 
correlations of the acceleration assessment with both the initial vehicle acceleration and 
the total vehicle acceleration. Tests 2 (50% throttle input) to 4 (100% throttle input) all 
have the same initial acceleration, however, the total acceleration increases in the same 
order as the tests and so does the acceleration assessment
Ford: In a similar way to the objective results from the Rover, the vehicle responses of 
the Ford Mondeo did not vary a great deal with increasing pedal demands as is shown in 
Figure 4-8(g). According to the questionnaires and the drivers comments during the test 
drives, this was the main reasons for a relatively low category assessment. Due to the 
low variations in objective data, it is very difficult to make any meaningful general 
comments regarding the correlation of the subjective and objective data. Nonetheless, a 
negative trend in Figure 4- 10(h) between the total vehicle acceleration value and its 
subjective equivalent can be observed and this must be blamed on the rather non
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progressive behaviour of the vehicle. Positive correlations can be observed in Figures 
4-11(g) and (h) as well as 4-12(g) and (h) between all driveability values and the overall 
driveability assessments. The increasing scores for the overall driveability in the order 
of the tests is very likely due to the decreasing vehicle delay times rather than to the 
increasing AV or JVs.
Discussion of the results obtained for Launch Feel
The correlation of subjective with objective data for the BMW, the Vauxhall and the 
Ford all show significant correlation for the vehicle delay time (DT), when looking at 
large pedal movements (considering only Tests 3 and 4) as shown in Figure 4-10(a,c,e 
and g). Those tests with short vehicle delay times always achieved a higher subjective 
overall driveability assessment, irrespective of whether or not the sequence in which the 
results were recorded was in line with an increasing delay time.
As Figure 4-10 shows, positive correlation between the magnitude of the vehicle 
acceleration and the AF assessment was only found when the test with the larger pedal 
input had a significantly higher AV relative to the preceding test. This is the case only 
for the Rover and the BMW. The opposite correlation can be observed for the Ford as 
shown in Figure 4-10(d). The AF assessment decreases from test to test despite 
increasing values for the total acceleration value. Also, the acceleration in the fourth test 
of the Vauxhall was only fractionally higher than that of the third test and this lead to a 
lower acceleration assessment.
Only taking tests with large pedal inputs (Tests 3 and 4) into account, higher jerk values 
(JV) lead to higher subjective vehicle jerk assessments as shown for all vehicles in 
Figure 4-9. Again the subjective assessments are not related to the order in which the 
tests were carried out. Figure 4-11 provides evidence that higher jerk values are 
rewarded with a higher driveability assessment, with the Vauxhall Omega being the 
exception to this rule. As discussed above this may be due to its image as a refined 
vehicle.
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4.2.2 Results for Performance Feel
The objective results for the driveability category Performance Feel are shown in 
Figures 4-13 to 4-16. The sequence in which the objective data are presented varies 
slightly from the presentation style of the results for Launch Feel in Section 4.2.1. This 
was made necessary by the greater number of tests performed in this second driveability 
category. Figure 4-13 starts out by comparing full throttle acceleration tests for three 
different starting velocities for all four vehicles. Additional numeric information is 
given on each graph, further describing the subjective and objective data that are 
associated with each driveability test. Additional subjective information is given for the 
subjective overall driveability category assessment, the overall driveability assessment 
of each test (OD), the overall Performance Feel assessment (PF), the assessments of 
vehicle delay time (DT) and the acceleration feel (AF). Additional objective data are 
given for the starting velocity and the pedal position input associated with each test The 
results are discussed in the following paragraphs, separately for each vehicle. Figure 4- 
14 compares the objective data for half and full throttle inputs at a starting velocity of 
12kph. Note that the term half throttle input refers to the demanded value that was not 
always exactly met by the test drivers. Therefore the average actual value varied in the 
range from 40 to 70%. Figures 4-15 and 4-16 show the same comparisons for starting 
velocities of 40 and 60 kph respectively.
The subsequent plots in Figures 4-17 to 4-22 compare subjective and objective data for 
full throttle transients. In addition to Launch Feel, there are two additional driveability 
values: The average jerk and the total delay time as defined in Figures 3-7 and 3-8. 
Figures 4-17 to 4-19 compare the driveability values with their subjective equivalents. 
The subsequent figures, 4-20 to 4-22, are used to investigate the influence of the 
driveability values on the overall driveability rating.
BMW: Figure 4-13(a) compares the transient tests recorded for full throttle inputs for 
the BMW with the three different starting velocities. A very strong correlation can be 
found for the subjective vehicle delay time (DT) assessment when compared with the
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actual vehicle delay time. It is important to notice, that the order in which the tests were 
performed (Test 9, 13,15) is not the same as that in which the delay time increases (Test 
9<15<13). It is still well correlated and this shows that the assessment given by the 
drivers is not automatically due to the sequence in which they performed the tests. (The 
correlation discussed above between subjective and objective data is also shown in a 
different form in Figure 4-18(b)).
Figure 4- 14(a) shows the objective results of Tests 8 and 9 (Table 3.7) with a starting 
velocity of 12kph. The vehicle delay time (DT) is the same for both tests and so is the 
subjective DT assessment. The greater acceleration at full throttle, the higher the rating 
it earns for the subjective feel of the acceleration. Figure 4-15(a) shows the same 
objective data with a starting velocity of 40kph (Tests 11 and 13). For Test 11 (50% 
throttle) the vehicle accelerates staying in the same gear, as opposed to Test 13 (100% 
throttle), which invokes a kick-down. The longer delay time and the additional 
roughness related to the gear change bring down its overall driveability (OD) rating 
despite a far higher acceleration value (AV) compared with Test 11. The initial DTs are 
the same for both tests; however, due to the gear change the TDT of Test 13 is far higher 
and this is reflected accordingly in a lower DT assessment.
Figure 4-16 (a) shows the transients with a starting velocity o f 60kph, both of which are 
interrupted by a gear change: half throttle input led to (a vehicle acceleration with) a 
gear change after a considerable initial acceleration. Such a gear change can be (and 
will be in the following sections) referred to as a passive gear change. The transient 
with the full throttle input forced the transmission to shift down at the beginning of the 
acceleration phase (kick-down). The test with full throttle input was rated higher for PF 
and OD. It is interesting to note that the transient with the kick down was given a worse 
rating when compared to the test without a gear shift but rated better when compared to 
a transient with a passive gear shift. Initial DT as shown in Figure 4-16(a) is the same 
for both tests, however the main increase in acceleration starts later for the kick-down 
transient, which results in a shorter TDT for the full throttle acceleration.
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Vauxhall: Figure 4-14(c) shows the transients for the Vauxhall recorded with a starting 
velocity of 12kph (Tests 8 and 9). The acceleration traces of the Vauxhall are all of 
similar shape and the AVs are very similar. Figure 4-15(c) shows the tests performed 
with a starting velocity of 40kph (Tests 11 and 13). In this graph, a kick-down 
acceleration (100% pedal input) is compared to a passive gear change (50% pedal input) 
acceleration (the same comparison was discussed for the BMW for Tests 14 and 15). Of 
the two transients, the kick-down acceleration has the lower OD assessment because of a 
much longer TDT. Both the OD assessments with a starting velocity of 40kph are much 
lower than for the accelerations at 12kph and this may be due to the roughness 
introduced by the gear changes which occur in the acceleration transients with the higher 
starting velocity. Figure 4-16(c) shows the transients performed with a starting velocity 
of 60kph. Both the acceleration traces are very similar, incorporating passive gear 
changes. The subjective results associated with these two tests are also similar.
Rover: Figure 4-13(e) compares the transients with full throttle input for the Rover. 
Positive correlation can be observed between the DT and the AVs with their subjective 
counterparts, however the tests are so similar that these results cannot be seen as being 
significant
Figure 4-15(e) shows the acceleration traces for the Rover with a starting velocity of 
40kph (Tests 11 and 13). The vehicle acceleration from Test 11 initially increases very 
rapidly (but only by a marginal amount) almost as soon as the pedal is depressed. This 
first acceleration phase is followed by a linearly increasing acceleration. The vehicle 
acceleration in Test 13 also increases very rapidly but this time the initial acceleration 
phase is followed by a second more substantial and more dominant acceleration phase 
after a longer delay. It was this TDT on which the subjective vehicle delay rating was 
based. Figure 4-16 shows Tests 14 and 75, which share the same initial acceleration 
phase. In case of the full throttle acceleration, this initial acceleration phase is followed 
by a second acceleration phase. The test drivers rated the test with the higher objective 
AF data lower in its subjective equivalent and the questionnaires suggested that this was 
due to the two stage acceleration.
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Ford (Gems): The comparison between full throttle accelerations for the Ford is shown 
in Figure 4-13(g). Test 9 has by far the greatest acceleration and the shortest delay time 
and both these values and those of the other acceleration traces correlate positively with 
the AD, DT and OD assessments.
Roth transients shown in Figure 4-14(e) with a starting velocity of 12kph had very 
smooth acceleration traces and the transient is not disturbed by a regime change. The 
acceleration traces are too similar to make further statements. Figure 4-15(g) shows the 
transient tests starting at 40kph: For both tests, the transmission is operated in high 
regime at the beginning of the transient and shifts down to low regime after the pedal 
position is depressed, enabling the engine speed to increase quickly. The regime change 
lowers the OD assessments which are worse than for the two previous tests where the 
transmission did not perform a regime change during the transient. The subjective 
assessments were slightly better for Test 13 than for Test 77, however, the OD 
assessment was lower because the test drivers did not get the relative improvement that 
they were looking from the additional pedal travel. Figure 4-16(g) shows the tests for a 
starting velocity of 60kph. The transmission is again operated in high regime at the 
beginning of the transient and a downshift occurs approximately 2s after the pedal is 
depressed. The two acceleration traces are very similar in shape and objective value. 
The initial DT was almost identical and so was the subjective DT rating.
Discussion for the results obtained for Performance Feel
The total vehicle delay time is the ultimate driveability value for tests of Performance 
Feel (PF) as Figures 4-18 (b,df,h) and 4-21 (b,d,f,h) show. In all tests and for all 
vehicles, longer total vehicle delay times lead consistently to lower subjective vehicle 
delay (DT) assessments, irrespective of the initial vehicle speed. The data clearly show 
that the vehicle delay assessment is based on the TDT rather than the DT. The influence 
of the total vehicle delay on the driveability assessment is visualised in Figure 4- 
21(b,df,h): Higher total delay times always lead to a lower OD assessment and this 
shows that DT was not only sensed and rated well but that it also had a very consistent
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influence on the overall driveability assessment. Of the CVT vehicles, the Ford (Fig 4- 
21(h)) had similar long vehicle delay times in Tests 13 and 15 and also the subjective 
driveability rating is similar. The Rover is the only exception where no positive 
correlation was found for the total vehicle delay time as shown in Figure 4-21(f).
4.3 Comparison of the results between the four vehicles investigated in Phase 11
In the previous sections, the methodology of correlating subjective with objective data 
and the ability of the test drivers to assess and distinguish between different driveability 
values was validated. The analysis of the experimental results is now extended to 
compare the results between the four test vehicles of Phase II. The sequence in which 
the results are presented is the same as in Section 4-2: objective results are discussed 
first, then they are correlated with subjective data. The discussion of the objective data 
is based on Figures 3-7 to 3-9, the correlation between subjective and objective data is 
shown in Figures 4-23 and 4-24.
Launch Feel
The graphs in the first two columns in Figure 3-7 show the acceleration traces of the two 
AT vehicles for the first three tests for Launch Feel. In the first test, shown on the top 
row, the acceleration traces of both vehicles share a similar shape which is dominated by 
the torque converter. The acceleration peaks after about 0.5s after which it picks up and 
then tails off smoothly, interrupted only after about 5s by a gear change. This behaviour 
is the same for both vehicles. Larger pedal inputs do not change the fundamental 
characteristic: the acceleration values and the engine speed values increase with 
increasing pedal input. The last two columns illustrate the behaviour of the vehicles 
equipped with CVTs. In Test 1, the vehicle acceleration trace for both vehicles increases 
initially and this is followed by a consolidation phase, where the acceleration stays 
constant for a period of time. The differences in the start from rest behaviour of CVT 
vehicles compared with AT vehicles are due more to the torque converter than to any 
fundamental differences between CVTs and ATs.
University o f Bath Page 4-16
Chapter 4 Results of the experimental driveability investigations
This was also shown in a paper by Kurosama (1999), which compares the start from rest 
behaviour of three vehicles. Two out of the three vehicles had a CVT transmission, one 
of which also included a torque converter. The AT vehicle also had a torque converter 
in its driveline. The results presented by Kurosama showed that the two vehicles with 
TCs showed more similar behaviour than the two CVT vehicles.
Performance Feel
Test 8: The acceleration traces of the BMW and the Vauxhall look quite similar because 
neither is disturbed by a gear change. The acceleration trace of the Ford Mondeo is 
shown on the right hand side. This test was not conducted for the Rover.
Test 9: The full throttle acceleration of the BMW at 12 kph shown in the graph on the 
very left is the highest acceleration of all the tests of all the vehicles. Both the 
acceleration traces of the vehicles including the ATs are jerkier than the acceleration 
trace of the Mondeo. This was due to the torque converter which was still active at this 
starting velocity. Test 9 was not conducted for the Rover.
Test 11: Following a 50% acceleration input, the BMW accelerates in the initial gear. 
The Vauxhall Omega starts accelerating in its initial gear and this is then followed by a 
passive gear change some one second into the acceleration. The Ford Mondeo starts 
accelerating in high regime until the increased engine speed forces the transmission to 
shift into low regime. This causes a dip in the acceleration trace. The acceleration trace 
of the Rover increases sharply and this is followed by a linear increase over a couple of 
seconds. This behaviour is caused by the slipping clutch at the beginning of the 
acceleration.
Test 13: The BMW-AT shifts down following the driver’s input. The Vauxhall also 
kicks-down, however, as opposed to the acceleration trace of the BMW, the acceleration 
trace has a negative gradient before it increases sharply. Such a negative gradient in the 
acceleration trace is adverse to the driveability as shown by Gebbert (1997). These two 
graphs show big differences between initial and total acceleration. The acceleration of
University o f Bath Page 4-17
Chapter 4 Results of the experimental driveability investigations
the Rover increases initially, and then stays constant until the engine speed has reached 
its final value. This is followed by a second acceleration phase. The behaviour of the 
Ford Mondeo in this test is similar to its behaviour in Test 12.
Test 14: The acceleration trace of the BMW increases initially and is then disturbed by 
a passive gear change. The acceleration trace of the Vauxhall shows a similar pattern, 
however, the disturbance introduced by the gear shift seems to be larger than for the 
BMW. The acceleration traces of the CVTs in this test look much smoother than the 
traces of the ATs. The transmission of the Ford Mondeo is operated in high regime and 
stays there for the whole of the transient test
Test 15: The BMW reacts with a kick-down, the Vauxhall with a passive gear change. 
The Vauxhall had the lowest acceleration of all four vehicles in this test and this was 
reflected by a very low subjective Performance Feel assessment. The acceleration of 
the Rover is influenced by the clutch operation. As in Test 14, the Ford Mondeo is 
operated in high regime at the beginning of the transient, but this time it shifts down to 
low regime during the test
Correlating subjective and objective data
The driveability values were applied to these tests and the results are shown in Figures 
4-23 and 4-24. The best correlation was found between the vehicle delay and its 
subjective assessment. The jerk values also showed a very good correlation between the 
subjective assessments and the objective data with a starting velocity of 60kph for the 
Performance Feel category. However, for the presentation of data in this style 
(comparison between different vehicles), more data points need to be investigated. 
Therefore the available results are not given high importance.
An alternative way of correlating subjective and objective data is shown in Figures 4-25 
and 4-26. Figure 4-25 illustrates all tests performed for Launch Feel as a dot on a graph 
with the vehicle delay on the horizontal axis and the vehicle acceleration on the vertical 
axis. For each test, the overall driveability rating is given followed by the number of the
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test after a backslash. Figure 4-26 uses the same technique, for full throttle transient 
tests in the driveability category Performance Feel. The results are not 100% consistent, 
but some observations can be made as to the importance of the driveability parameters.
Differences between CVTs and ATs
When looking at the objective data presented in Figure 3-7 for Launch Feel, it can be 
observed that the second acceleration phase shows the difference between the 
investigated ATs and CVTs. The response of the CVT vehicles showed a pronounced 
second acceleration phase which is introduced when the engine speed has reached its 
demanded value. Furthermore, there is also a longer delay time between the initial 
acceleration pick up and peak acceleration. However, as discussed above, most of the 
differences in the acceleration traces can be attributed to the torque converters which are 
included in the vehicles with ATs.
4.4 Conclusions of the experimental driveability investigations
The new methodology for driveability investigations has been applied to four test 
vehicles with an average of twelve test drivers subjectively assessing each vehicle. The 
presented results provide evidence that the test drivers were able to assess the vehicle at 
least for the chosen driveability parameters (vehicle delay, vehicle acceleration and 
vehicle jerk). Out of the three driveability parameters, the vehicle delay was assessed 
with the greatest accuracy and consistency. The assessments for the vehicle acceleration 
value (AV) and the vehicle jerk value (JV) were not as precise and consistent; the 
quality of these assessments tended to depend on the driving situation and the vehicle. 
A clear distinction has to be made as to how far the pedal was depressed: Large pedal 
movements were rated much more consistently than small pedal inputs.
The results were also compared between the four test vehicles by means of the average 
subjective assessments. Good correlations between subjective and objective data have 
only been found for full throttle accelerations.
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The analysis of the results in this chapter can be used to identify those areas which 
promise the most potential for improvements in the controller strategy. This was done 
for the Ford Mondeo test vehicle (including the GEMS controller) and the following 
observations were made: Most importantly the delay time of the Ford was unduly high 
when compared to the other vehicles. This could be improved by different or faster 
hardware. Secondly, the subjective driveability assessment of some tests with the Ford 
Mondeo were worse than could have been expected from the objective data. According 
to the questionnaires, this was at least partly due to the shape of the acceleration which 
often happened in two stages. Thirdly, the vehicle behaviour of the Ford Mondeo 
following a driver input was not as progressive as the test drivers wanted it to be. These 
conclusions will be picked up again when identifying the objectives for a new transient 
controller strategy.
The results of the experimental driveability investigations can also be used to predict the 
driveability. This is done by applying regression methods to the results as shown by 
Wicke (2000). More generally, these results quantify the driveability benefits that can 
be expected by trading off one feature against another, e.g. an increase in acceleration in 
comparison to a reduction in the delay time. Therefore the results can be used to 
optimise an existing controller strategy to find a better compromise between driveability 
and economic considerations.
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Figure 4-13: Evolution of the acceleration traces for full throttle inputs for different 
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Figure 4-18: Correlation of DT and TDT with their subjective equivalent for
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Figure 4-21: Influence of DT and TDT on the overall driveability assessment for
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Figure 4-23: Influence of the total acceleration, the jerk and the average jerk on their individual driveability assessments
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5. The Torotrak prototype controller
This chapter describes the implementation of new controller hardware into the Ford 
Mondeo test vehicle. Once the new controller was operational, experimental tests were 
performed. The results were compared with the transient results of the original GEMS 
controller. The results are also used in Chapter 6 to validate the simulation program. 
Section 5.4 analyses the operation of the controller during steady state and transient 
operation, identifying those areas which offer the most potential improvements in 
driveability.
5.1 Hardware implementation
As described in Section 2.1.2, the initial controller software and hardware in the test 
vehicle were replaced by dSpace equipment The main component which was changed 
was the transmission control unit (TCU). The new TCU made it necessary to add 
additional hardware components (netway and calibration box) and to put new wiring 
into the vehicle to connect these new components with the existing hardware. During 
this implementation process, problems were encountered and had to be overcome. 
Minor hardware components failed and had to be replaced, e.g. faulty connectors in 
several places in the engine compartment. Problems with the data acquisition and 
associated sensors were encountered. The speed sensor dropped out occasionally, 
delivering a very noisy signal, the consequences of which are discussed below. 
Hardware problems were also experienced when both the netway box and autobox CAN 
output card stopped working. Both hardware components had to be replaced by the 
respective manufacturers. Problems on the software side mainly included compatibility 
problems between different software packages but problems occurred also due to 
compatibility problems between compilers and processors. Incomplete downloading of 
the controller code onto the processor in the autobox or the netway box also occurred. 
In these cases, the controller code was working, but not correctly since it was missing 
important parts of its strategy. It was not always easy to identify the causes of the 
vehicle malfunctions in the first place, but once identified most software related
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problems could be fixed quite easily, e.g. by restarting the related computer system, 
repeating the downloading process of the controller code onto the autobox or by re- 
installation of the complete software package.
5.2 General control structure
A schematic of the Torotrak steady state prototype version as used in dSpace is shown in 
Figure 5-1. The prototype controller was given to University of Bath in 1997 for use in 
this project Independently from the work carried out in this project, Torotrak have 
since further developed their controller code to include transient capabilities as described 
by Murray (2000).
5.2.1 Description of the control units incorporated in the initial dSpace Torotrak 
controller code
The most important sections of the Torotrak controller code are discussed in the 
following paragraphs. The notation ‘section’ in this sense refers to either a specific 
controller unit which is dedicated to control one vehicle variable (e.g. engine speed 
control loop) or it refers to a part of the controller (inputs and outputs) which gives 
important background necessary to understanding the operation of the controller. The 
following descriptions are based on the flow chart of the controller code as shown in 
Figure 5-1.
Controller inputs and outputs: The interaction of the Torotrak controller with the 
other hardware components was described in Chapter 2.1.1 and shown Figure 2-7. All 
signals received by the autobox from the vehicle system are passed through the 
calibration box to be conditioned into voltages between 0V  and 5V. These signals are 
then read into the autobox which incorporates the Torotrak controller code. Software 
functions which are part of the input cards read the signals onto the processor board. 
The signals are now converted into engineering units and used as the input variables of 
the controller code. To send the controller output signals back into the vehicle system, 
the signals are transformed back into a format suitable for communication with the
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vehicle system (transducers and the microprocessors of the servo valves). This is carried 
out within the controller code and subsequently also by the software components that are 
part of the autobox output cards.
General conversions and saturation of controller signals: All speed values required 
by the controller code are determined by means of information obtained from two speed 
sensors that are mounted in the transmission. From these two speed sensors, the values 
of the vehicle and engine speed as well as all shaft speeds of the epicyclic gear set 
(carrier, annulus and sun speed) can be derived.
Driver demand interpretation: The driver demand is interpreted by means of look-up 
tables as an engine speed demand and a wheel torque demand. The former is an input 
into the engine speed control loop logic, the latter is an input in the controller section 
that determines the variator reaction torque demand value. Different look-up table exist 
to account for different transmission regimes (low/high) and the driving situation 
(drive/overrun).
Variator reaction torque demand (VRTD) value: This variable is one of the main 
inputs into the pressure controller which is described below, determining the control 
pressure in the hydraulic actuators. Due to its importance, this variable is frequently 
referred to in the following sections. The VRTD value follows a driver’s pedal input 
position but is also a function of the vehicle speed, the current state of the transmission, 
the vehicle direction (forward/reverse), the current transmission regime (high/low) and 
the driving situation (drive/overrun). A first numerical value is determined by means of 
look-up tables considering all of the above parameters and variables. This variable is 
called the requested value, but gets modified by an amount accounting for the engine 
speed control as described below (pressure controller and closed loop engine speed 
control) to result in the desired value. The desired value limited to a maximum value so 
that the variator cannot be overloaded. This boundary value is a function of the 
maximum available engine torque and the current status of the transmission.
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Pressure controller: The control pressure determines the torque across the variator and 
therefore controls both the vehicle speed (via the wheel torque) and the engine speed 
(via the load on the engine) at the same time (as discussed in Section 2.1.1). This results 
in contradictory requirements, the implications of which will be discussed later. The 
pressure controller demand value is set from the required VRTD value, which is the sum 
of the desired VRTD value and the output of the engine speed control loop. Control of 
the pressure value is accomplished by a closed loop PID controller, using pressure 
feedback from the hydraulic actuators.
Closed loop engine speed control: As described by Murray (2000), it is necessary to 
run the engine speed control in closed loop mode since otherwise the torque difference 
between the engine and the transmission could build up causing the engine speed to be 
operated in unfavourable regions of the engine map. The engine speed control loop 
works in co-operation with the electronic throttle controller (as described later). A by­
product of this closed loop engine speed control mode is the task described above of 
using the pressure in the hydraulic actuators to control two variables (wheel torque and 
engine speed) at the same time. Engine speed control is achieved by a PID controller, 
the gains of which are a function of the pedal position and the vehicle speed. The output 
of the PID controller is confined by an upper and a lower boundary and is used as an 
additional input (as described in the previous paragraph) to determine the control 
pressure demand value. Investigating the optimum values of these PID-boundaries 
means investigating the principal compromise of all CVT vehicles during transients as 
described by Dreibhaus (1985) and others. This is described in Chapter 7. The 
boundary values are directly proportional to the weighting that is given to the control of 
the engine speed in relation to the wheel torque demand values.
The control of the regime change: Regime change is controlled by the clutch control­
ler, which is implemented in the controller strategy as a Stateflow (see Section 2.1.1) 
block. The clutch control flow chart for the Torotrak controller is given in Figure 5-2 
and a typical sequence is described in the examples below. A regime change is triggered 
when the variator ratio reaches a certain value. This is indicated by a controller flag
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called VarBand. This parameter always equals one of three different numerical states: 
one, two or three. Each of these values represents a band tolerance of the variator ratio 
and when the flag pointer adopting the numerical value of 3 a regime change is 
triggered. The physical equivalent of this state (the flag at 3) occurs when the rollers of 
the variator reach their maximum physical angle. Having completed a regime change, 
the physical angle of the rollers starts moving in the opposite direction.
An example of a regime change is shown in Figure 5-3(a). In this case, the transmission 
changes from high to low regime. The red line on this graph represents the status of the 
transmission. Up to a time of 350.6s, the transmission is in high regime (8). Then a 
downshift is triggered, which causes the clutch assembly of the transmission to go 
through the following stages: low fill downshift (9), downshift overlap (11), true sync 
(10) and finally low regime (2).
Regime change from low to high regime occurs when the vehicle is accelerating and 
reaching higher vehicle velocities. This is approximately equivalent to the shift in a con­
ventional AT from 2nd to 3rd gear.
Regime change from high to low regime can occur for two reasons. Firstly, when the 
transmission is operated in high regime and the driver starts accelerating substantially. 
(An example of this regime change is given in Figure 5-10). Secondly, the transmission 
is operated in high regime and the vehicle starts to decelerate. This causes a downshift 
from high to low regime at a fairly low vehicle speed.
Since regime change is triggered by a certain value of the variator ratio - which depends 
on the engine speed signal -  the proper operation of the transmission depends on clear 
speed signals acquired from the data acquisition system in the vehicle. During the work 
in this project, the engine speed signal sensor ‘dropped out’ several times which 
disrupted the proper operation of the vehicle. Such a faulty engine speed signal is 
shown in Figure 5-3(b). Due to the high variations in engine speed, the variator ratio 
also varies and causes the flag VarBand to change between its states. This action
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continues to trigger and cancel regime changes resulting in unsatisfactory vehicle 
behaviour.
Temperature effects: Temperature effects are considered in the controller structure to 
accommodate for the change in viscosity of the hydraulic fluid with changing 
temperature. The main parameters modified by a temperature change are the predicted 
filling times of the low and high regime clutches which modify the timing during regime 
changes. However, temperature effects are not considered important for this work.
Drive-by-wire control: As discussed in Section 2.1.2, the vehicle offers drive-by-wire 
capabilities with a separate throttle control unit incorporated in the vehicle. The throttle 
controller controls the position of the throttle, which is not mechanically linked to the 
pedal position. This feature is used in the controller strategy to modify the throttle 
position mainly at the beginning of transients. This causes the throttle to open more than 
would be indicated by the pedal position. This results in the throttle overshooting which 
helps to increase the engine speed more quickly. The throttle controller works in 
conjunction with the engine speed control loop as discussed above. The action of the 
throttle controller and how this affects the throttle position will be discussed in more 
detail later in Section 5-4.
5.3 Start-up behaviour of the dSpace controller
To start the engine, the gear lever has to be in either the park or the neutral position. 
When the engine is started, the controller checks if the engine speed is in a certain speed 
range and that the system pressures show reasonable values. If this is the case, the 
controller switches into a state called true neutral. Neither the high nor the low regime 
clutch are engaged and the pressure in the hydraulic control circuit is at a minimum 
value (atmospheric pressure). The engine is idling and is controlled entirely by the 
engine control unit. Before the vehicle can be used for normal operation, the control 
system has to warm-up for some twenty minutes. This is necessary due to the prototype 
nature of the vehicle control system (mainly due to the non optimised hydraulic control 
circuit). During this time period, the engine speed is hunting in a speed range of about
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700 to 2000rev/min as shown in Figure 5-3(c). The duration of this hunting period 
depends on ambient conditions, but afterwards the controller goes into a very smooth 
mode and the engine speed stays constant, which means that the vehicle is fully 
operational. To start driving, the gear lever has to be put into the drive position, which 
causes the transmission to go into the geared neutral condition (Section 2.1.1). Both 
clutches are engaged. The engine is still idling in this condition, as are the shafts within 
the transmission. The pressure actuators are not pressurised and therefore the output 
torque of the transmission remains zero. The vehicle can be set into motion from the 
geared neutral condition by operating the accelerator pedal which causes the 
transmission to go into low regime, which returns engine speed control to the 
transmission control unit. The hydraulic actuators are now pressurised and the vehicle 
starts accelerating.
5.4 Transient behaviour of the dSpace controller
Initial transient testing of the new controller took place on the rolling road and was 
continued on Coleme airfield. To be able to use the rolling road for this work, its data 
acquisition system had to be calibrated and validated. Calibration was performed by 
choosing the correct settings of the vehicle parameters within the controller software. 
Validation was performed by comparing the results obtained on the rolling road to a set 
of results from the airfield. The main point of the validation was to see if vehicle 
acceleration could be acquired on the rolling road with similar accuracy to that which 
was possible in the test vehicle. Figure 5-4 shows two transient tests and even though 
their starting velocities are slightly different, it can be observed that the time traces for 
the vehicle acceleration of both data acquisition systems capture the main dynamics of 
the vehicle acceleration.
Following this validation work, a set of transient tests similar to those of Phase II (see 
Chapter 4) were repeated. The only alteration of the test program was that the starting 
velocity for Tests 8 and 9 was increased from 12 to 20kph. This was done, since it was 
very difficult to hold the vehicle speed at the lower value in a steady state condition.
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This was due to both large variances in the engine speed and also because the pedal 
position is very sensitive in this region. The overlap in tests allowed the results from the 
dSpace controller to be compared to the results from the GEMS controller, which is 
discussed in Section 5.4.1.
The transient results which were obtained are shown in Figures 5-5 to 5-10. The 
available data allow the operation of the vehicle controller to be discussed over a wide 
range of different driving conditions in much more detail than was possible with the old 
controller system. This is due to the fact that virtually all variables of the vehicle control 
system are available for observation and data acquisition due to the in-vehicle dSpace 
data acquisition system. Out of all variables available, a set was chosen to fully describe 
the behaviour of the vehicle. This includes the status of the engine, the transmission and 
the actions of the transmission controller. The list is shown in Table 5-1. Most 
variables were recorded with the dSpace system and the resulting data are shown in 
grey. The vehicle acceleration was the only variable that was not available for recording 
with the in-vehicle data acquisition system, because the vehicle stayed stationary on the 
rolling road. This variable was therefore acquired by means of the Zoellner data 
acquisition system and is shown in blue. The results shown in Figures 5-5 and 5-6 
represent sets for half and full throttle acceleration from a starting velocity of 20kph. As 
discussed above, each figure contains eight graphs showing the time traces of the 
variables listed in Table 5-1. The remaining figures present the results for starting 
velocities of 40 and 60kph.
Figure 5-5 shows a transient with a pedal position input of about 45%. Figure 5-5(c) 
shows the operation of the throttle controller. Initially the opening angle of the throttle 
is very large in order to increase the engine torque which helps to increase the engine 
speed as quickly as possible. After a while the throttle position is reduced to allow the 
engine to return to more economical engine operating points. The transmission stays in 
low regime for the duration of most of the transient (Fig. 5-5(e)). The engine speed does 
not follow the engine speed demand very well at the end of the transient as can be seen
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in Figure 5-5(b). This engine speed error could be substantially reduced with higher 
PID boundaries.
Figure 5-6 shows the vehicle response following a full throttle input. As can be seen 
from Figure 5-6(e), the vehicle is operated in low regime at the beginning of the 
transient and stays there during the initial part of the test. The test requires maximum 
power and therefore the throttle controller demands full throttle opening during the 
whole transient. The throttle and the pedal position are therefore proportional (Fig. 5- 
6(c)). At the beginning of the transient, the variator reaction torque demand value 
(VRTDreq) is modified/reduced (VRTDdes) by the engine speed control loop to enable 
the engine speed to increase quickly. As soon as the current engine speed exceeds the 
demanded engine speed at t=93s, the engine speed controller output (Fig. 5-6(g)) 
changes its sign and increases the control pressure (Fig.5-6(h)) to limit the increase of 
engine speed.
Figures 5-7 and 5-8 show the transient results for half and full throttle inputs with a 
starting velocity of 40kph. The transient are of a similar nature to those shown in 
Figures 5-5 and 5-6.
Figures 5-9 and 5-10 show the transients for a starting velocity of 60kph. The 
transmission starts off in high regime for both transients as shown in Figures 5-9(e) and 
5-10(e). For the full throttle input, there is a regime change from high to low regime as 
shown in the second figure. The downshift is triggered because the engine speed 
increases and the variator ratio hits a certain value. Once the vehicle speed has 
increased sufficiently the transmission shifts back into high regime. The power flow in 
the transmission changes direction and this requires the control pressure difference (Fig. 
5-10(h)) to change its sign. Invariably during this period, the control pressure is lower 
than it should be and this causes a dip in the acceleration trace, which can be clearly 
observed in the blue acceleration trace shown in Figure 5-10(a). This gives the 
impression of a two stage acceleration and was the source of substantial concern for 
many test drivers as they could not only detect it occurring but they also greatly disliked
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it. The transmission stays in high regime for the half pedal input (Figure 5-9) for the 
whole transient and therefore there is no dip in the acceleration trace. Again the engine 
speed demand is not followed very accurately by the engine speed (Fig. 5-9(b)) and this 
provides further evidence, that higher PID output values should be chosen.
5.4.1 Comparison of the transient behaviour of the dSpace with the GEMS 
controller
As described in Chapter 2, the original GEMS controller code was taken and translated 
from C programming language into the simulation environment Matlab/Simulink. A 
comparison can now be made between the actual behaviour of the vehicle with the two 
different controller codes. Figure 5-11 compares the vehicle acceleration traces for 
starting velocities of 20 and 40kph with different pedal inputs. Figures 5-11(a) shows 
the vehicle response following a 60% pedal input with a starting velocity of 12kph and 
Figure 5-11(c) shows the same for a full throttle input and a starting velocity of 20kph. 
The acceleration traces indicate a very similar behaviour for the two controllers in the 
most significant region of the transients. Some deviations occur after the peak 
acceleration which are due to differences in the demand values for the wheel torque and 
the engine speed. Figure 5-11(b) shows the acceleration traces for a full throttle input at 
40kph without a regime change. Figure 5-11(d) shows the results for the same initial 
conditions for a transient with a regime change at the beginning of the transient. All of 
the transient tests shown, indicate very similar behaviour for the two controllers. This 
provides evidence that all previous conclusions about the GEMS controller can be 
transferred to the dSpace controller. Therefore the assessment tests on Coleme airfield 
do not have to be repeated with the dSpace controller.
5.4.2 The progression of the VRTD values during transient operation
As shown in Chapter 4, the test vehicle does not behave in a progressive way, which 
gave rise to low driveability ratings. To investigate how this can be improved, it is 
instructive to look at the pressure control demand values and how they are derived in the 
controller code following different pedal inputs. As described above, one of the main
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influential variables for the control pressure is the VRTD value. Figures 5-12 and 5-13 
show the behaviour of the vehicle following two different pedal inputs with a starting 
velocity of 40kph. Figures 5-12(d) and 5-13(d) show the VRTD values as requested by 
the driver, the limitation caused by the maximum engine torque capability (shown in 
red) and the resulting VRTD value (shown in grey) which equals either of the two 
previous values. In Figure 5-13(d), it can be observed that the VRTD value desired by 
the driver is just about limited by the maximum engine torque capability for a pedal 
input of 50%. Saturation occurs at some point between 30% (this test is not shown) and 
50% pedal input. The saturation means, that pedal inputs above this threshold value do 
not make any difference to the resulting VRTD (and therefore pressure demand) values. 
This is the reason for the non-progressive behaviour of the vehicle. The threshold values 
also vary with starting velocity, but this is not further investigated. The graphs are only 
shown to explain the principal problem.
5.5 General discussion
The conclusions of Chapter 4 and the investigation into the transient behaviour of the 
controller described in Section 5.4 are the basis for a discussion on how the controller 
code can be improved. The transient behaviour was summarised in the section above 
and the most obvious observation is that the driver’s demand gets limited from a pedal 
position of 50% onwards. This behaviour can be improved by a better controller 
calibration. The second observation is that the engine speed does not always follow the 
engine speed demand during steady state operation. This can be improved by increasing 
the boundaries of the PID controller for steady state operation so that the engine speed 
stays steadier and does not oscillate so much. However, during transients, such high 
PID values would not be desirable since it could increase the vehicle delay following a 
driver input. Therefore flexible PID boundaries depending on the driving condition 
would be desirable.
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Demand value of the wheel torque__________________________
Demand value of the engine speed__________________________
Engine speed___________________________________________
Variator ratio___________________________________________
Control pressure (Ap of hydraulic actuators)___________________
List of all variables necessary to describe the behaviour of the vehicle in 
any driving situation
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Figure 5-1: Illustration of the control variables of the Torotrak powertrain controller
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Figure 5-2: Schematic of the clutch control
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Figure 5-3: Problems experienced during implementation of the new transient controller, (a) Hunting at idle speed (b) Successful
downshift (c) and (d) Transmission does not downshift because of oscillations in the speed sensor (faulty engine speed 
sensor)
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Figure 5-5: Transient behaviour of the dSpace controller with a starting velocity of
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Figure 5-6: Transient behaviour of the dSpace controller with a starting velocity of
20kph (100% pedal input)
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Figure 5-11: Comparison of the acceleration traces from tests with the GEMS controller to those
of the dSpace controller
University o f  Bath Page 5-20





V ehicle S p e e d
200







High R eg im e  ^~
8
4
Low R eg im e
Rg 5-12 (e)0-





E n g in e  S p e e d
Rg 5-12 (b)
0
Resulting VRT Demand »■ 
Urn. by M u . Engine Trq
100
? -200
I  -300 a
^  -400 
-500
VRTD ValueRg 5-12 (d)
-600
15-
P re s s u re  D iffe rence
Vehicle Acceleration
-10
22 24 26 2818 20
Figure 5-12: VRTD is entirely confined by the TEngine,max with a starting velocity of









1  -200 
8
9  -400 
a .
Controller
T rq  D m nd O river
T rq  D m nd m o d ified  by  th e  PID C o n tro l
Rg 5-13 (c)
-600














Resulting VRT Demand »»
\  llm. by Max. Eng. Trq-100
I
E -200o









18 20 22 24 26 28
Figure 5-13: VRTD is almost entirely confined with a starting velocity of 40kph
(50% pedal input)
University o f  Bath Page 5-21
Chapter 6 The development of a simulation program
6. The development of a simulation program
This chapter describes the development of a computer program to simulate the 
longitudinal behaviour of the test vehicle. This was done in the simulation environment 
of Matlab/Simulink. All models are described individually and a description is also 
given on how the models work together. The chapter concludes with the validation of 
the simulation program. This is done by comparing the simulation results with 
experimental data obtained on the rolling road and on Coleme airfield.
6.1 The objectives of the simulation program
The objective of the simulation program was to develop a platform for the development 
of new controller strategies and to make possible the observation of those variables 
which could not be measured or were not measured in the vehicle. For the development 
of a new controller strategy improving the driveability, the simulation program has to be 
able to accurately predict the variables regarded by the test drivers as the most important 
ones for good driveability. These are aspects concerning the vehicle acceleration 
(magnitude, initial rate, shape) and the vehicle delay time. For the development of a 
controller strategy it is furthermore important that the simulation program is able to 
accurately predict the controller pressure and the progression of the engine speed. It 
follows that the dominant dynamics are governed by the engine/manifold dynamics and 
the vehicle inertia.
It became quite clear relatively early in the development of the simulation program that 
good simulation results could be achieved for most of the above variables, however, 
problems occurred with the correct prediction of the vehicle delay time. This is due to 
the instantaneous nature of some of the models (as described below). Simulation blocks 
introducing time delays were implemented in some of the models, but this increased the 
simulation running time considerably. The correct prediction of this variable was 
therefore not considered feasible. The failure to predict the vehicle delay time meant 
that the simulation program could not be used to find a compromise between the vehicle
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delay time and the vehicle acceleration (for the test vehicle, this concerned the settings 
of the PID controller boundaries as described in Section 5.2.1), as a consequence this 
had to be performed experimentally (as described in Chapter 7). However, for a given 
set of PID boundaries, the vehicle delay time depends more on the controller hardware 
components rather than on the controller software. The simulation program therefore 
could still be used for the development of the transient controller strategy, especially as 
it turned out that the other variables could be predicted accurately (see the validation 
process in Section 6.3).
6.2 Modelling of the components for the simulation program
Sections 6.2.1 to 6.2.3 together with Table 6-1 give an overview of the modelled 
powertrain components and of the modelling techniques used. All models had to be 
developed for use in Matlab/Simulink as part of this work. Some of the models use 
equations and/or information supplied by Torotrak and/or Ford. To finalise the 
simulation program, models of the driver, the vehicle and also parts of the Torotrak 
controller code were implemented in the Matlab/Simulink simulation environment, the 
implications of which are described in Section 6.2.3. The simulation program was 
developed for operation in two different modes. In the first mode, the predicted vehicle 
behaviour follows a given speed profile. This can be used mainly for fuel investigations 
over a drive cycle. In the second mode, the simulation program is operated to react to a 
given throttle input. This is used to simulate transients. A software switch is included 
in the simulation program to change between the two operating modes. An overview 
over all numerical values of parameters used in the simulation program is given in Table 
6- 2.
6.2.1 The simulation model of the engine
Figure 6-1 shows the structure of the engine model, which includes sub-models of the 
throttle controller, manifold dynamics, (engine) inertia model and a 2D-look-up table 
which determines the engine torque. Some of these models are based on empirical 
information, other models use equations describing the underlying principles of the
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physical component. The inputs into the engine model are the load on the engine 
imposed by the transmission, the pedal position, the engine torque demand value and the 
current engine torque. The output variable is the engine speed. The kernel of the engine 
model is a 2Z)-look-up table based on steady state engine data supplied by Ford1. The 
input variables to the look-up table are engine speed (feedback information from the 
engine inertia model) and manifold pressure (output of the manifold dynamic model). A 
value for the engine torque is returned. This 2Z)-look-up table replaces the modelling of 
the chemical process in the cylinders and determines the engine output data 
instantaneously. The engine data used in this look-up table are visualised in Figure 6-2 
and are also shown in numerical form in the Appendix (A-2). The engine model does not 
consider crankshaft stiffness effects. All the sub-models are described in the following 
paragraphs.
Model o f the engine inertia: The torque difference between the available engine torque 
and the load imposed on the engine by the transmission is applied to the engine inertia, 
resulting in a change of engine speed. The value of the engine inertia is the lumped sum 
of the inertia of the engine itself, the flywheel and the transmission input inertia. From 
this equation the engine speed can be derived by numerical integration.
d a  _ T„g -  ^ load,transmission E q u a tio n  1
Model o f the throttle controller: The schematic of the throttle controller is shown in 
Figure 6-3. This model includes a PID torque controller to emulate the drive-by wire 
facility used in the vehicle. However, this is only made use of when the simulation 
program is operated to follow a driver’s demand, otherwise the throttle position equals 
the pedal position.
1 Trevor Taylor. Ford Motor Company. Private communication.
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Model o f the manifold dynamics: The equations used for this model are based on the 
equations used by Guebeli (1993). As part of this work, they were translated into the 
Matlab/Simulink simulation environment. The inputs to this model are engine speed and 
throttle angle. The output is the manifold pressure. In this model, air is treated as an 
ideal gas with constant specific heats and the mass of the fuel is neglected.
The manifold pressure is evaluated by means of the ideal gas equation, which is applied 
to the manifold volume Vm:
_ rnmRTm Equation 2
As well as to the gas constant R and the constant manifold volume Vm, the manifold 
pressure also depends on the manifold temperature Tm, which is determined by means of 
the mass balance in the manifold:
The mass flow from the manifold volume to the cylinders me is determined by means of 
2D-look-up tables, also based on the Ford steady state engine data.
The mass flow via the throttle into the manifold mth is a function of the pressure 
difference over the throttle and the opening area of the throttle Ath, eff. This area can be 
described by the orifice equations for compressible flow. There are two possible states 
of the mass flow; subsonic and supersonic depending on the pressure values on either 
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In the supersonic case, the pressure value downstream of the throttle stays constant at a 
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Equation 5
with y = —  = 1.39 as a constant and (cDAtheff)* as the effective flow coefficient
The effective flow coefficient takes account of the losses at the throttle. It consists of 
two terms:
— CD-^th,eff CL ^ L
Equation 6
The effective throttle area Ath, efr is a function of the throttle angle and the physical area 
of the throttle Ato:
A th,ef f =  A o *(tanh(c,]a,„ - c t2) + ct3) Equation 7
The parameters of Equation 7 were chosen so that the throttle area has a minimum value 
for a throttle angle of ath=0 ° and a maximum value for ath=90 °. The function also has 
small gradients in the regions around both 0 and 90 ° so as to achieve smooth operation. 
The graph of Equation 7 is shown in Figure 6-4 as a function of the throttle angle. The 
second term ( clA l)  of Equation 6 must normally be determined experimentally. 
However, for this thesis, the value was taken from the work from Guebeli, since at the 
time when the simulation program was developed, there was no test car available to
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determine this parameter. Since the validation for the engine was considered to be 
accurate enough, this value was not modified once the test vehicle was available.
The last term of Equation 2 describes the change of mass in the manifold, which can 
also be described by means of the mass continuity equation:
dmm _ dmth dmc Equation 8
dt dt dt
6.2.2 The simulation model of the transmission
The transmission model can be seen in Figure 6-5. It includes sub-models of the 
variator, the epicyclic gear set, the differential and the hydraulic actuator. The two 
clutches are integrated with the epicyclic gear set model. Their operation and therefore 
the regime change are modelled as instantaneous actions. The main inputs into the 
transmission model are the engine and the vehicle speeds as well as the control pressure. 
The main outputs from the transmission model are the wheel torque and the load on the 
engine. The former is an input into the vehicle model, the latter is an input to the engine 
model. Mechanical losses are considered in all sub-models as constant torque losses 
wherever a gear step exists. The individual sub-models of the transmission model and 
also the regime change are described in the following paragraphs. The naming 
convention of different inputs and outputs of the sub-components (namely the epicyclic 
gear set) of the transmission model is shown in Figure 6-6.
Model o f the hydraulic actuators: The hydraulic controller circuit of the Torotrak 
transmission was modelled in detail by James (1997) to investigate the regime change. 
The dynamics of this work are less dependant on such fine detail and sufficient accuracy 
was achieved by depicting the action of the controller circuit as an instantaneous model 
(as shown as part of the validation process in Section 6.3.1). The modelling simplicity 
had the additional advantage that it kept the simulation running time short. The 
important parts of the hydraulic controller circuit for this work are the determination of
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the clamping and the reaction force, both of which are proportional to the control 
pressure (see Section 2.1.1).
The clamping force is proportional to the control pressure and holds the variator unit 
together. Its magnitude determines the maximum possible torque that can be transmitted 
through the variator. Its magnitude is independent of the transmission regime and can 
be derived as follows:
Fcump = A :P cm,ro, Equation 9
The reaction force determines the physical input and output torque of the transmission. 
The reaction force depends on the regime in which the transmission is operated. For 
low regime it can be determined from:
F reo C o r.tr =  A  P co r.ro , Equation 10
In high regime, the power flow through the variator unit is reversed. The opposite 
cylinder chamber of the actuator is pressurised, e.g. the pressure difference changes its 
sign. In the simulation program, the control pressure is an absolute value, the 
powerflow reversal therefore has to be signalled by a negative sign. The reaction force 
for high regime is determined by Equation 11.
d o c to r ,H r =  ~ A HrPcon*o, Equation 11
This modelling technique relies on a software pointer that carries information about the 
current state of the transmission. This is called the regime pointer. The head piston 
areas are the summed area of all six hydraulic actuators. The indices of the head piston 
areas within the cylinder A t and Ahr are named after the regime in which they are 
pressurised as can be seen from Figure 6-7.
Model o f the variator: The inputs and output of the variator model are shown in Figure 
6-8. The main variables input into the model of the variator unit are the endload, the 
reaction force and the physical variator input and output speeds. The main outputs of
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the variator model are the physical variator input and output torques. The exact 
equations describing the behaviour of the variator are based on confidential information 
supplied by Torotrak2 and will therefore not be described in this thesis.
Model o f the epicyclic gear set: The operation of the epicyclic gear set for high and low 
regime of the transmission is shown in Figures 2-4 and 2-5. Switching between the two 
operation modes of the epicyclic gear set is modelled as an instantaneous action. The 
model of this transmission component with its inputs and outputs is shown in Figure 6- 
9. The main inputs to the epicyclic gear set model are the variator output torque (~sun 
torque) as well as the engine speed (-carrier speed) and the vehicle speed (-annulus 
speed). The main output values from the epicyclic gear set model are the annulus torque 
(-wheel torque) as an input to the vehicle model, the sun speed (-variator output speed) 
as an input to the variator model and the carrier torque, which is part of the load on the 
engine. The output values are determined separately for high and low regimes, and the 
following discussion is best followed with reference to Figure 6-6.
(A) High regime
The power of the engine is directly transmitted via the variator to the differential, the 
carrier torque therefore equals zero in high regime.
1st output in high regime: Tchr = ONm Equation 12
The annulus torque equals the sun torque (-variator output torque):
2nd output in high regime: Ta hr = Ts Equation 13
The sun speed equals the annulus speed (-wheel speed):
2 Iain B. James. Torotrak (Development) Ltd. Private communication.
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3rd output in high regime: cos hr = o)a Equation 14
(B) Low regime
In low regime, the transmission is operated in split power mode. In this case, the carrier 
torque can be determined as a function of the sun torque (-variator output torque):
1st output in low regime: Tc lr = -(l + i0 )Tslr Equation 15
2nd output in low regime: Ta lr = - i 0Ts Equation 16
The second output value in high regime, the sun speed, can be determined as:
3rd output in low regime: cvs hr = coa Equation 17
Regime change: The possible variator ratios for high and low regime are evaluated 
constantly. As soon as the low regime variator ratio reaches a certain value (Rv=-0.526), 
a regime change is triggered. This uses the regime change mechanism as described in 
Section 5.2.1. Hystereses is included in the simulation program to prevent hunting in the 




The variator ratio in low regime equals:
coslr Equation 19
Rv = ^ JL
Model o f the differential: Since the behaviour of the vehicle is only modelled in the 
longitudinal direction, the differential can be modelled simply as a final gear step. This 
is shown in Figure 6-10. The model is the link between the transmission and the vehicle
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model. The input values are the annulus torque and the wheel speed. The output values 
are the wheel torque and the annulus speed. Losses are considered in Equations 20 and 
21 by a constant loss factor kioss.
The wheel torque is determined by means of the physical transmission output torque 
(-annulus torque):
= kh,,RDTa Equation 20
The physical transmission output speed (-annulus speed) is determined by means of the 
wheel speed:
= (khssu M ) /R D Equation 21
6.2.3 The models of the driver, the vehicle and the controller
Sections 6.2.1 and 6.2.2 have explained the development of the powertrain models. To 
complete the simulation, models of the vehicle, the driver and the controller code are 
also required. This results in the whole simulation program with the components shown 
in Figure 6-11. These additional simulation models are described in the following 
paragraphs.
Model o f the driver: When the simulation program is operated to follow a given vehicle 
speed profile, a model of the driver is required to operate both the accelerator and the 
brake pedal. Such a driver model is shown in Figure 6-12. It consists of a PID- 
controller with an anti-windup-loop and a fast forward path. The acid test for the driver 
model is that it has to be able to follow the drivecycle with a maximum deviation of 
2kph as described by the European Council Directive. This has been shown to be 
possible for this simulation program by Wicke (1999) by careful selection of the PID 
controller parameter. The inclusion of the fast forward path is a common technique to 
keep deviations within the allowed tolerances. A negative pedal position demand results 
in a proportional braking signal, which is used as an additional resistance torque input 
into the vehicle model.
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in a proportional braking signal, which is used as an additional resistance torque input 
into the vehicle model.
Model o f the vehicle: A standard vehicle model is taken with the empirical Equation 22 
as its base. The values of the three constants are given in Table 6-2.
^  = ( Q  +C2v+ cy)/rdyn Equation 22
This resistance force is added with the braking force to the total resistance force and 
converted into a torque Tres,total- The torque difference between this value and the wheel 
torque TWheei is applied to the vehicle inertia to derive the vehicle speed:
dm _ Twhee, - T mmal Equation23
d  vehicle
Controller model: The simulation program had to be operated with the initial dSpace 
Torotrak controller code (as described in Section 5.2.1), to facilitate the validation and 
more importantly to provide a platform for the development of new controller strategies. 
Therefore, the relevant parts of the code - as shown in Figure 6-13 - were implemented 
in the simulation program. The main inputs to the controller code are the vehicle speed 
and the pedal position. The outputs of the Torotrak controller code are the engine torque 
demand and the control pressure demand value. These output values are determined by 
means of four controller units (described in Section 5.2.1). The controller units are:
1. Driver demand interpretation (n^gine and TWheei, demand determination)
2. Closed loop engine speed control
3. Pressure controller
4. Variator reaction torque demand (VRTD) value
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6.3 Validation of the simulation program for transient operation
Validation of the simulation program was performed by comparing simulation results 
with experimental data obtained using the rolling road test facility. This was done over 
a range of different starting velocities (70, 40 and 60kph) and different pedal inputs (50 
and 100%). To facilitate the validation process, the simulation program was initially 
split into three different sub-programs. Each part was validated separately and the 
results are shown in Figures 6-14 to 6-16. It should be noted, that the validation of the 
sub-models is only shown for one transient test but that this is followed by a second 
validation stage in which the simulation program was validated as a whole. These 
results are shown in Figures 6-17 and 6-18.
6.3.1 Validation of the sub-models
Three sub-models were defined for the first stage of the validation process, each of 
which relates to one of the following models of a powertrain component, these are the 
pressure controller model, the engine model and the transmission model. The transient 
test chosen to present the validation of these sub-models, represents a vehicle 
acceleration following a full throttle driver demand. The pedal was depressed to its 
maximum position and held there for about two seconds (this equals the time period 
between 41s and 43s in Figures 6-14 to 6-16). After this time period, the pedal was 
released and the vehicle went into overrun mode. A test with 100% throttle input was 
chosen, since it is the most representative test of this work.
(1) Validation of the pressure controller model
This part of the simulation program was validated to see how accurately the model 
would predict the control pressure for a given driver’s demand value at a given engine 
and vehicle speed. Table 6-3 shows the inputs and outputs for this sub-model. There 
were six inputs into this model, of which the pedal position, the engine and the vehicle 
speed were obtained from experimental tests on the rolling road. The remaining 
variables were not available from the experimental results and therefore had to be
University o f Bath Page 6-12
Chapter 6 The development of a simulation program
obtained from the simulation program. These were the driver demand values (wheel 
torque and engine speed demand) and the variable that indicates the current regime of 
the transmission.
Figure 6-14 compares the predicted progression of the control pressure (shown in green) 
with the control pressure value obtained during experimental work on the rolling road 
(shown in black). The comparison shows very good correlation for the transient test.
(2) Validation of the engine model
This sub-model allowed verification of how accurately the engine model is able to 
predict the progression of the engine speed for both a given throttle input and a given 
load profile. Table 6-4 gives an overview of the inputs and outputs of the sub-model 
and describes their source. The throttle position data were obtained from the 
experimental data collected on the rolling road. The data for the load profile of the 
engine were not available from the experimental data, due to the lack of an engine 
torque sensor. This variable was therefore also determined by means of the simulation 
program (see the validation of the model of the transmission).
Figure 6-15 compares the predicted transient engine speed response to experimental 
tests obtained on the rolling road. The results coincide well during the initial phase of 
the acceleration test. After the pedal was released at 43s, the vehicle went into overrun 
mode and here the predicted progression of the engine speed by the simulation program 
is not as good. However, this driving condition was not the main focus of the controller 
development and therefore this inaccuracy was not considered to be important.
(3) Validation of the transmission model
The third sub-model included the combined models of the transmission, the vehicle and 
the hydraulic actuators. These sub-models predict the vehicle acceleration for both 
given speed profiles and a control pressure input. Table 6-5 shows the complete list of 
inputs and outputs. All of the inputs into this sub-model were taken from the
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experiment data that was obtained on the rolling road. Apart from the vehicle 
acceleration, this sub-model also predicted the engine load profile, a variable that was 
used as an input into the second sub-model (see above).
Figure 6-16 compares the vehicle acceleration obtained during the experimental test on 
the rolling road (shown in blue) with the vehicle acceleration trace (shown in green) 
predicted by the simulation program. A very good correlation can be observed. On 
releasing the pedal at 43s an increase in vehicle acceleration can be observed in both 
traces. This behaviour follows an energy transfer from the engine to the vehicle in an 
attempt to reduce the engine speed. This is the reverse behaviour to that in which the 
vehicle slows down following a pedal input. CVT vehicles are prone to such behaviour, 
however it can be prevented by good controller calibration. This behaviour is part of the 
compromise that has to be found for CVT vehicles as described in Section 5.2.1 and also 
in Section 7.4.1.
6.3.2 Validation of the whole simulation program
After the validation of the individual parts, the whole simulation program was validated 
against experimental results. Transient vehicle responses were predicted by the 
simulation program at starting velocities of 20, 40 and 60kph for half and full throttle 
inputs. As discussed in Section 6.1, the key variables, which it is important to predict 
correctly to obtain good results from the simulation program, are the control pressure, 
the vehicle acceleration and the engine speed. These parameters were therefore used for 
the validation of the whole simulation program.
A full set of these variables over the investigated operating range is compared to 
experimental results in Figures 6-17 and 6-18. Very good correlations can be observed 
between the simulation results and the experimental data in the investigated operating 
range.
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SIMULATION MODEL HOW THE SIMULATION MODEL WAS DERIVED
Engine Model developed based on a steady state engine map supplied 
by Ford
Variator Model developed based on equations supplied by Torotrak
Transmission Model developed as part of this work
Hydraulic actuators Model developed as part of this work. The model does not 
include dynamic effects related to the hydraulic control 
circuit.
Differential Modelled as a final step ratio
Powertrain controller Relevant parts of the original Torotrak controller were 
implemented in the simulation program
Vehicle Modelled as part of this work by means of data supplied by 
Torotrak
Table 6-1: Modelled powertrain components
PARAMETER: DESCRIPTION Numerical
Value:
Solver Used in the simulation program Ode23tb
tmax Maximal step size 0.01s
tmin Minimal step size 0.001s
VM Manifold volume 0.004 m3
JEnmne Summed inertia o f the engine, flywheel and transmission input 1.27 Kfkgmm2
io Epicyclic gear set ratio -0.47
Ahr Effective area o f the hydraulic cylinder in high regime 66.4 1 a 5 m2
Ah- Effective area o f the hydraulic cylinder in low regime 38.3471 (T5™2
Ae] Area o f the cylinder for the endload force 1687 l(r5m2
Cvl Constant in the vehicle model 40.4
Cv2 Speed proportional constant in the vehicle model 0.132
kloss Constant loss factor for mechanical losses 0.9
Cv3 Speed square proportional constant in the vehicle model 0.00777
FFd Weighting o f the fast forward path within the driver model 1
r<iyn Compensated wheel radius 0.27m
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kloss Constant loss factor for mechanical losses 0.9
Cvl Constant in the vehicle model 40.4
Cy2 Speed proportional constant in the vehicle model 0.132
Cy3 Speed squared proportional constant in the vehicle model 0.00777
FFd Weighting o f the fast forward path within the driver model 1
Pd Proportional value o f the PID-controller in the drivers model 1
Id Integral value o f the PID-controller in the drivers model 0.1
Dd Derivative value o f the PID-controller in the drivers model 0
Pt Proportional value o f the PID-controller in the throttle model 1
It Integral value o f  the PID-controller in the throttle model 0.2
Dt Derivative value o f the PID-controller in the throttle model 0
Ato Physical throttle area 400
Q, First constant in the throttle equation 0.05
Cq Second constant in the throttle equation 1.7
Os Third constant in the throttle equation 0.94
R Specific gas constant 280J/kgK
cv Specific heat o f air at constant volume 720J/KgK
Ro Gear set ratio -62/97
Rc Fixed chain ratio 45/37
Rd Final drive ratio -19/85
Cp Specific heat o f  air at constant pressure lOOOJ/KgK
To Ambient air temperature 300 K
cLaL Leakage flow coefficient 8 10* m2
P Density o f air 1.202 kg/m3
CiA, Constant accommodating for losses at the throttle
Cd Throttle flow factor
Y Ratio o f specific heats 1.41
Po Ambient pressure lOOkPa
Table 6-2: Table of parameters used in the simulation program
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VARIABLE: IN-/ OUTPUT: COMMENT:
Wheel torque as requested 
by the driver
Input These variables are functions of the vehicle 
speed and the pedal position. The two latter 
variables were obtained during 
experimental work on the rolling road and 
used to derive the two input variables with 
the simulation program.
Engine speed demand as 
requested by the driver
Input
Pedal position Input These three variables were obtained from 
experimental work on the rolling road. 
Data acquisition system: dSpaceEngine speed Input
Vehicle speed Input
Regime pointer Input Data obtained from the simulation program
Control pressure in the 
hydraulic actuator
Output This output was used to validate the 
predicted control pressure against 
experimental data obtained on the rolling 
road
Table 6-3: Validation of the pressure controller model
VARIABLE IN-/ OUTPUT: COMMENT:
Throttle position Input This variable was obtained from 
experimental work on the rolling road. 
Data acquisition system: dSpace
Load on the engine (from 
the transmission)
Input This variable was determined by means of 
the simulation program (see Table 6-5)
Engine speed Output This output was used for the validation of 
the predicted engine speed against 
experimental data obtained on the rolling 
road.
Table 6-4: Validation of the engine model
VARIABLE: IN-/ OUTPUT: COMMENT:
Vehicle speed Input Data for these three inputs were taken from 
experimental work on the rolling road 




Vehicle acceleration Output This output was used for the validation of 
the predicted vehicle acceleration
Load on the engine Output This output was used for the validation of 
the engine model (see Table 6-4)
Table 6-5: Validation of the transmission model
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Figure 6-2: Visualised torque map
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Figure 6-3: Model of the throttle controller
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Figure 6-4: Flow area versus throttle angle
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Figure 6-6: Naming conventions for the transmission
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Figure 6-7: Model of the hydraulic actuator
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Figure 6-8: Model of the variator
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Figure 6-10: Model of the differential, modelled as a final gear step
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Figure 6-11: The structure o f the simulation program













Figure 6-12: The model o f {he driver
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Figure 6-13: The implementation of the relevant parts of the Torotrak controller code 
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Figure 6-14: Validation of the pressure controller model/ comparison of simulation and
experimental data obtained with the dSpace data acquisition system
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7. The development and implementation of a new 
transient controller strategy
This chapter discusses the objectives and the development of a new transient controller 
strategy for the Ford Mondeo test vehicle. The controller strategy was developed 
initially by means of the simulation program presented in Chapter 6. In a second step 
this controller strategy was implemented in the test vehicle and a calibration was 
performed which is described in Section 7.4. Experimental results are presented for both 
this calibration process and also for a final set of experimental tests which were carried 
out on the test track following the calibration process.
7.1 Objectives of the transient controller
The objectives of the new transient controller strategy arose from the work presented in 
Chapters 4 and 5 and discussed in Sections 4.4 and 5.5 respectively. The main 
objectives of the new controller strategy are:
(1) to make the vehicle response more progressive
(2) to make the engine speed follow its demand more closely during steady state 
operation
(3) to exert control over the shape of the acceleration trace
All of these objectives are best investigated with a controller that allows calibration 
parameters to be modified online. This is best achieved with a tuneable controller, the 
development of which could be defined as a further objective. The need for objective 
(1) is illustrated in Figures 7-1 and 7-2 which compare the behaviour of the current 
vehicle controller in the Ford Mondeo to the reference vehicles for transient tests. The 
reference vehicles show much more progressive behaviour than the test vehicle. The 
second objective was discussed in Chapter 5: the engine speed does not follow its 
demand value very well and this is shown in Figures 5-5(b) to 5-10(b). At first sight, it 
may appear contradictory that steady state performance can be improved by a new
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transient controller strategy. However, the implementation of the transient controller 
gives more freedom for tuning the steady state parameters as explained below. 
Objective (3) follows from two observations in Chapter 4. Firstly, the jerk and 
acceleration values of the acceleration trace had a significant influence on the subjective 
assessment of the test drivers for a range of different driving conditions. It would 
therefore be extremely desirable to be able to tune the amount of jerk for a given pedal 
input. Secondly, it was observed that an acceleration trace of the test vehicle was - in 
individual cases - assessed as being worse than the reference vehicles despite its superior 
acceleration values. It was concluded that the assessment in these cases was dragged 
down due to the shape of the vehicle acceleration trace. The resulting third objective for 
the powertrain controller is to introduce a control feature that allows the user to set an 
initial influence on the jerk and the acceleration values for a given pedal input. In a next 
step the control feature should be extended to control the shape of the whole acceleration 
trace. Successful application of such a technique would offer the possibility of matching 
the acceleration characteristic of the CVT vehicle to other standard vehicles.
In line with the main objectives of this thesis, priority is given to the outlined objectives 
above environmental considerations such as fuel consumption, compliance with 
emission requirements and avoiding engine operation areas of excessive noise, vibration 
and harshness. However, once the first set of objectives are met and the requirements 
for good driveability are better understood, the integral nature of the controller method 
can then be used to extend the controller capabilities to include environmental 
considerations.
7.2 Specification of the new controller strategy
A simple approach to making the vehicle response more sensitive to varying driver 
inputs - and therefore more progressive - would be to extend the two dimensional look­
up tables by adding another dimension with the rate of change of the pedal position as an 
additional input. The look-up tables would then have to be re-calibrated for the wheel 
torque demand values to be a function of three inputs. Additionally, the level of the
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wheel torque demand values would have to be reduced so that the demanded variator 
reaction torque is no longer saturated by low pedal inputs (as discussed by means of 
Figures 5-12 and 5-13). However, such an approach to the new controller would not 
include the possibility of shaping the vehicle acceleration. Thus this approach would 
purely tackle objective (1). An integrated approach is preferred as it could tackle 
objectives (1) and (3) and allow a solution to problem (2) at the same time. This was 
realised by adopting a control approach based on a feature presented by Yamazaki 
(1997) and Sawamura (1998): their respective powertrain controllers use the vehicle 
acceleration as a direct control variable. This technique was used by them with different 
objectives in mind: the first paper mentioned uses this technique to minimise engine 
oscillations and the second paper applies this technique to optimise the powertrain 
behaviour during gear changes for automatic transmissions. Implementing the vehicle 
acceleration as a direct control variable, it had to be decided whether a closed or an open 
loop controller architecture would be adopted. A closed loop control architecture in 
conjunction with the existing controller structure would have substantially interfered 
with the existing engine speed control loop, which includes the drive-by-wire control of 
the throttle. Its realisation would therefore require the rebuilding of parts of the 
controller strategy including a re-calibration of the throttle controller and this was 
beyond the possibilities of this project. Therefore, an open loop acceleration controller 
architecture was chosen, which could be used as an “add-on” feature to the existing 
powertrain controller.
7.3 Architecture of the new transient controller
Figure 7-3 shows the flow chart which describes the structure of the proposed transient 
controller. This module replaces the look-up tables that previously determined the 
wheel torque and engine speed demand values. The structure includes an acceleration 
library (see below) that determines the new target vehicle acceleration value at each 
controller iteration as a function of the following parameters:
• the current vehicle speed and acceleration
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• the engine speed
• the pedal position and the initial rate of change of the pedal position.
The target acceleration value is subsequently used to determine the wheel torque and the 
engine speed demand value so that the vehicle acceleration follows the demanded target 
acceleration trace. For the determination of the wheel torque demand value, the target 
acceleration value is first multiplied by the car inertia and then is increased by the 
resistance force to get the total wheel force/ torque as one output. This value together 
with the current wheel speed allows the required power at the wheels to be determined. 
Increasing this value by the estimated losses in the powertrain leads to a required engine 
power. Dividing by an engine torque value produces the engine speed demand value. 
(The determination of this engine torque value is subject to more discussion below.)
Figure 7-4 describes the target acceleration library which is a central part of the transient 
controller strategy. A chosen target acceleration trace (see next paragraph) is 
normalised and used as a basic acceleration shape. Depending on the controller inputs 
this normalised basic target acceleration shape is stretched, extended or delayed in an 
appropriate fashion. As soon as the transient controller is invoked, a so-called transient 
timer is started which reads out the normalised target acceleration values at each 
controller iteration. When the vehicle is already accelerating on detection of a transient, 
then the transient timer is increased in such a way that the first target acceleration value 
equals the current vehicle acceleration. This effectively shifts the time axis to the left 
which is indicated by the red arrow at the bottom of the figure. The length of this arrow 
is determined by an additional control algorithm as a function of the vehicle speed, the 
driver’s inputs and also by some other calibration parameters. To determine the target 
acceleration value, the resulting normalised target acceleration value is multiplied by the 
current maximum vehicle acceleration which is determined in a further controller section 
as a function of the initial vehicle speed and the initial engine operating point (initial 
refers to the beginning of the transient).
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Theoretically, any target acceleration trace could be chosen as a demand value and in 
this way the characteristics of the Torotrak vehicle could be matched to any existing 
vehicle. Implementation would of course be limited by power considerations. The 
initial choice was made for an acceleration trace of a vehicle which consistently 
achieved the best acceleration appraisals (BMW) during the experimental driveability 
work {Chapter 4).
Figure 7-4 also illustrates the influence of different driveability values on the shaping of 
the target acceleration trace. The magnitude of the target acceleration trace is a function 
of the pedal position, and the initial rate of change of the target acceleration is a function 
of the initial rate of change of the pedal position. Allocating the driver’s inputs to 
individual driveability characteristics make the proposed controller strategy ideal for 
rapid prototyping and further driveability work.
7.4 Experience of rapid prototyping with the new transient controller strategy
Having implemented the new transient controller in the vehicle, the controller had to be 
calibrated by finding appropriate values for the calibration parameters. The calibration 
parameters were initially determined by means of the simulation program, but the values 
had to be validated in the vehicle. This work was initially conducted on the rolling road 
and continued on the test track at Coleme airfield.
7.4.1 Basic/initial calibration work
The transient controller method, as described above, was implemented in the current 
Torotrak prototype controller on top of the existing steady state controller. The resulting 
control schematic is shown in Figure 7-5. Non-transient vehicle operation is still 
controlled within the steady state control block, in which the wheel torque and engine 
speed demand values are determined by means of look-up tables. On the occurrence of 
Event A (to be specified below), the controller switches into transient mode, the demand 
values are now determined by the transient controller. Event B causes the controller to 
switch back to steady state operation.
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To make the transient controller operational the implementation steps summarised in 
Table 7-1 were conducted. These steps are listed in a linear order, in reality, the 
calibration of the vehicle was an iterative process.
Implementation step 1: The implementation of the transient controller on top of the 
existing prototype controller required some modifications to the underlying look-up 
tables during steady state operation. The reason for this is that the transient wheel 
torque demand values have to exceed the demand values of the steady state controller at 
all times and therefore the values of the look-up tables had to be reduced for steady state 
operation. This made a re-calibration of the steady state controller operation necessary. 
A software switch was installed in both the simulation program and in the real time 
program Cockpit (see Section 2.1.2) to keep the controller in steady state mode during 
the tests, regardless of the driver’s input. The initial values of the modified look-up 
tables were determined by means of the simulation program and verified during 
experimental work. The modified values in the look-up tables had to be small enough to 
meet the criteria stated above but large enough that the vehicle could still be accelerated 
to high velocities in steady state mode. Figures 7-6 and 7-7 show the resulting vehicle 
response following a full throttle input with the modified look-up tables at starting 
velocities of 20 and 40kph respectively. It can be observed that the variator reaction 
torque demand (VRTD) values are sufficiently small not to be saturated by the 
maximum engine torque capability. This has to be viewed in comparison with Figures 
5-10 and 5-11 where the VRTD values are constrained, even for a 50% pedal input.
Implementation step 2: The controller had to be calibrated for transient operation and 
unlike in Implementation Step 7, this time the software switch was set-up to keep the 
controller in transient mode. The parameters which were used for this calibration step 
are shown in Table 7-2. Their initial values were determined by means of the simulation 
program and verified afterwards during experimental work. The transient vehicle 
response predicted by the simulation program with a starting velocity of 20kph is 
compared in Figure 7-8 with the vehicle response obtained experimentally on the 
airfield. The calibration was initially carried out for full throttle inputs, and then the
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target acceleration trace was calibrated for varying and smaller pedal inputs. This 
allowed the vehicle response to be made more progressive by the selection of four 
calibration parameters -  as shown in Table 7-2. A prediction of the vehicle behaviour 
for two different pedal inputs is shown in Figure 7-9. The equivalent experimental data 
are shown in Figure 7-JO. Note that the results obtained on the airfield are based on a 
much more advanced set of calibration parameters than was used in the simulation 
program, making the vehicle response more sensitive to the rate of change of pedal 
position than the simulation program. However, both examples demonstrate that the 
objective of the controller strategy is met: the transient test which was initiated with the 
higher rate of change of the pedal position input is followed by a jerkier target 
acceleration which results in a faster pressure increase and also in jerkier vehicle 
acceleration traces.
Implementation step 3: With both the steady state and the transient controller modes 
working separately, a method had to be developed to harmonise the operation of the 
controller allowing it to employ either mode and switching between the two. Two 
binary parameters were defined to trigger a mode shift: Events A and B. A true status 
causes the controller to switch from steady state to transient mode, whereas a false status 
causes the controller to return to steady state mode. Certain conditions had to be 
fulfilled for the events to become true as described in the following paragraphs.
Event A: Two parameters were chosen to fulfil certain pre-requirements for Event A to 
become true: the state of the pedal position and its initial rate of change. There are two 
clear advantages to triggering the shift from steady state into transient mode very early 
on: the steady state demand values for the wheel torque and the engine speed are still 
relatively low and the controller stays in transient mode for most of the acceleration. On 
these grounds the first condition for Event A to be true was that the pedal position had to 
exceed 20% of its total travel. This borderline was implemented in the controller and 
the value was confirmed by means of experimental calibration work on the airfield. The 
second condition concerned the rate of change of the pedal position. Experimental 
investigations illustrated in Figure 7-11 show that a very decisive driver input can result
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in pedal speeds of more than 500% (related to the whole pedal travel) per second. A 
more leisurely, but never the less decisive input results in 250% per second and this 
value was taken as the borderline for Event A to become true. The borderline values still 
allowed the vehicle to be accelerated by applying the accelerator at a moderate pace. In 
this case the controller stays in steady state mode without invoking the transient 
controller. This is useful if the driver only desires moderate acceleration to reach a new 
steady state condition. The clear distinction between the two modes meets the driver’s 
expectations of feeling that the vehicle reacts to their pedal inputs.
Event B: There are different possible scenarios for the controller to switch back from 
transient into steady state mode as illustrated in Figure 7-12. If the driver lifts off the 
accelerator pedal completely, the controller switches back from transient into overrun 
mode. Incomplete but substantial accelerator lift off results in the controller switching 
back into steady state mode. For a small lift-off, the controller remains in transient 
mode and reduces the demand causing a reduction in the vehicle acceleration.
Either Event A or B being true is necessary but not sufficient for the controller to switch 
between the two modes. The need to keep the torque disturbance at the wheels during a 
mode change to a minimum imposes an additional requirement on the mode change 
strategy. A shift is not triggered unless the torque demand for the wheels equals or 
exceeds the torque demand in steady state and this is ensured by adequate control checks 
in the software.
Implementation step 4: As described in the previous chapter, high PID boundaries in 
the controller code minimise the engine speed error which is desirable during steady 
state operation. The requirements are different during transient events where high PID 
boundaries would increase the vehicle delay time. To investigate these requirements, 
transient tests were carried out with three different PID boundaries. The transient results 
for three different tests are shown in Figure 7-13. As predicted by the theoretical 
considerations, the highest PID boundary of 250 (represented by the blue line) leads to a 
relatively high acceleration value at the cost of a long delay time and the vehicle may
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even decelerate temporarily. This vehicle behaviour is the result of the engine speed 
control loop trying to make the engine speed closely follow the engine speed demand. 
This is achieved by reducing the pressure in the hydraulic actuators thereby minimising 
the load on the engine. If the pressure value drops off too much as is the case here, then 
the resulting wheel torque is not sufficiently high to overcome the resistance force at the 
wheels. Subsequently vehicle deceleration occurs and/or if the rate of change of the 
variator ratio is too great then additional energy is taken from the wheels to help speed 
up the engine. This further reduces the vehicle speed. The green line represents a 
transient test with a PID boundary of 100 and the grey line represents the test with a PID 
boundary of 150. The test with a PID value of 100 showed the shortest delay time but 
also the smallest acceleration value of all three experiments.
The different requirements for steady state and transient operation are considered in the 
controller strategy by introducing engine speed control loop logic that runs the controller 
during normal operation with relatively high PID boundaries. These values are 
reduced/zeroed for the first couple of seconds after a transient event is triggered. After a 
set time the PID boundaries are gradually increased back to the initial boundaries. 
Transient results, showing how this engine speed control loop logic works are shown in 
Figures 7-14 and 7-15. It can be observed that the engine speed control loop reduces the 
vehicle delay time at the beginning of a transient significantly (when compared to 
Figure 7-25) and that the engine speed follows its demand value more closely during 
steady state operation.
7.4.2 An extension of the target acceleration library
The feel of a torque converter during start from rest or small starting velocities is a 
feature welcomed by most drivers. This is a well established fact and described amongst 
others by Greenwood (1993) presenting work on the start device effectiveness of the 
Torotrak transmissions and this was also confirmed by the experimental driveability 
work presented in Chapter 4. To account for this fact, the transient controller was 
extended by a second acceleration trace to establish an acceleration library. The second
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acceleration trace was taken from a transient test of a vehicle with a torque converter. 
To distinguish between the two acceleration traces in the following sections, the initial 
acceleration trace is referred to as the standard acceleration trace (acceleration trace N°l) 
and the new acceleration trace is referred to as the torque converter emulation 
acceleration trace (acceleration trace N°2). The implementation of the second 
acceleration trace again required some calibration work and the same procedure as for 
the standard acceleration trace was used. A transient test of the vehicle operated with 
the controller making use of the second acceleration trace is shown in Figure 7-16. 
After successful implementation both acceleration traces were used in the vehicle 
alongside each other as alternative target acceleration traces. The logic shown in Figure 
7-17 was introduced to chose the standard acceleration trace for starting velocities 
higher than 20kph. The second acceleration trace was chosen for starting velocities less 
than this value. A comparison of the vehicle behaviour for the two different target 
acceleration traces is shown in Figure 7-18. The behaviour for the second target 
acceleration trace is shown in dark-cyan and it can be seen that the target acceleration 
values result in proportional pressure control values. However, due to some dynamic 
limitations explained below, the acceleration trace does not follow the target 
acceleration trace very exactly.
7.4.3 Further issues
Dynamic limitations: Limitations in the ability to shape the acceleration trace using the 
control pressure were encountered. As was shown in Chapter 2.4, the vehicle 
acceleration is proportional to the wheel torque, which in turn is a function of the control 
pressure, but there are also additional dynamic limitations due to stiffness in the 
driveline (an example of which was highlighted by the circle shown in Figure 7-7), due 
to which the vehicle acceleration is not exactly proportional to the control pressure: the 
discontinuity in the control pressure introduced by the interference of the engine speed 
control loop (ESCL) is not visible in the acceleration trace.
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Engine torque demand value: In the transient controller, the engine speed demand 
value is derived from the engine power by dividing by the engine torque. In the current 
version of the controller this engine torque value is an approximation to the actual 
engine torque. Replacing this approximation to the engine torque by a selected demand 
value offers the possibility of influencing the region in which the engine is operated and 
therefore the possibility to include fuel economy considerations. This is an important 
direction for further work.
Power demand considerations: Another field for further work opens up in how the 
driver’s input can be interpreted. For example the pedal position could be taken as 
either an engine power demand or an engine torque demand. This has been discussed 
and presented by different research papers, e.g. by Deacon (1996) and Shafei et al in two 
publications (1994 and 1997). Murray (1999) shows that the steady state Torotrak 
controller transforms the driver demand into a wheel torque and an engine speed demand 
and this is additionally a function of the vehicle speed. These demand values are used to 
calculate the engine torque demand value. Therefore the driver demand is neither 
interpreted directly as an engine torque nor as an engine power demand. The proposed 
new transient controller interprets the driver input as a demand for a certain vehicle 
acceleration at a given vehicle speed, thus it demands a certain vehicle power. However, 
this power is not necessarily proportional to the pedal position. The controller structure 
allows this to be varied and investigated. However, this was not considered to be 
important for this project and therefore such investigations were not conducted.
7.5 Comparison with the dSpace controller
Figures 7-21 to 7-24 show further experimental data from transient tests with the new 
transient controller, each of which was obtained with a different calibration set-up. 
Different calibration set-ups either mean a difference in the basic shape of the target 
acceleration trace or a different influence of the drivers input on the modification of the 
target acceleration. In each figure, the results of the new transient controller are 
compared with a set of results from the original dSpace steady state prototype controller.
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Figure 7-21 shows the results of a controller set-up which results in an acceleration trace 
that is very similar to the original controller, the following figures demonstrate the 
capability of the controller method to achieve different acceleration traces.
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IMPLEMENTATION STEPS DESCRIPTION:
(1) Calibration of the controller for steady 
state mode. (Re-calibration of the look-up 
tables for use with the transient option)
Reduction of max wheel torque and engine 
speed demand during steady state operation
(2) Calibration of the controller for transient 
mode
Calibration of the parameters specified in Table 
7-2. A switch was implemented for this step to 
keep the controller in transient mode.
(3) Specification of events A and B which 
trigger a switch between steady state and 
transient mode
Calibration of the chosen parameters: from what 
pedal position and what rate of change of pedal 
position a switch is triggered to transient mode
(4) Calibration of the PID-boundaries Investigation into the compromise between 
vehicle delay time and acceleration magnitude
Table 7-1: Implementation steps for initial calibration of the transient controller
FEATURE TO BE OPTIMISED: CALIBRATION PARAMETER:
Basic shape of the target acceleration trace Parameters: Initial acceleration and jerk value of 
the basic acceleration shape
Optimising the vehicle performance Parameter: Scaling of the target acceleration 
trace
Variation of the influence of the driver’s input 
on the variation of the acceleration trace
Altogether four parameters that influence the 
shape of the initial acceleration and jerk values.
Vehicle delay Parameter: Time delay for the target acceleration
Table 7-2: Calibration parameters of the target acceleration trace
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Figure 7-1: Evolution of the acceleration traces for Launch Feel (Note: Percentages
on the graphs refer to pedal position inputs)
Omega
Figure 7-2: Comparison of the acceleration traces of the Vauxhall Omega and
the Ford Mondeo with a starting velocity of 12kph
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Figure 7-3: Flow chart describing the structure of the transient controller
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Figure 7-4: Variables with an influence on the determination of the target
acceleration demand value in the transient controller
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Figure 7-5: The new transient controller is implemented in the Matlab/ Simulink
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Figure 7-6: Experimental results of a transient test with the modified look-up tables
for a starting velocity of 20kph. (ESCL = engine speed control loop)
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Figure 7-7: Experimental results of a transient test with the modified look-up tables at
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Figure 7-8: Prediction of the transient behaviour of the vehicle by means of the
simulation compared to a set of experimental results
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Figure 7-9: Standard target acceleration trace: Prediction of the vehicle responses for
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Figure 7-10: Standard target acceleration trace: Comparison of the vehicle responses
for different pedal input speeds (Experimental results)
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Figure 7-11: Comparison of the rate of change of pedal position for two example
transients
Event: Driver lifts off foot
Transient Mode
A. Total Lift off
B. Lift off big enough to swich 
into steady state mode
C  Marginal Lift off
■I X
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until TwhLDmdig < TwN Dmdjr 
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Go into Steady State Mode
Stay in Transient Mode
Reduce acceleration demand 
proportional to lift off
Figure 7-12: Implementation aspects of the transient controller: Reaction of the
controller to a lift-off by the driver
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Figure 7-13: The effects of varying the output limits of the PID-controller
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Figure 7-14: A first example of the operation of the engine speed control loop logic
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Figure 7-16: Example of a transient event with the new transient controller and the
torque emulation target acceleration trace.
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Figure 7-17: The starting velocity from the beginning of the transient determines
whether target acceleration N°1 (torque converter emulation) or N°2 
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Figure 7-18: Comparison of the transients between the standard target acceleration
trace and the torque emulation acceleration trace
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Figure 7-24: Comparison between the dSpace! transient controller for two different
calibration set-ups
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Figure 7-25: Example of a transient event with the new transient controller and the
standard target acceleration trace
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Chapter 8: Conclusions
This thesis presented work investigating driveability aspects of vehicles including CVT 
transmissions. The aim was to prioritise the preferences of the drivers during transient 
operation of the vehicles and use them in early stages of the development of a 
powertrain controller strategy. This shifts calibration work away from the end of a 
vehicle development to earlier stages which can contribute to a better compromise 
between driveability on the one hand and environmental considerations on the other.
Experimental driveability investigations
The experimental driveability investigations of this thesis can be divided in two different 
phases. Phase I  started with the analysis of data inherited from a previous research 
project. Altogether three different CVT test vehicles were tested during this project. 
The methodology of this phase is referred to as Methodology I. By analysing these data 
an improved methodology, Methodology II was derived to provide better correlation 
between subjective and objective data. The new methodology was applied in Phase II  to 
four more vehicles. The most prominent and informative transient tests were carried 
over to the new test program. The data for these tests were acquired with both 
Methodology I  and II enabling cross project comparison of all results acquired with 
Methodology I.
To analyse the data acquired With Methodology I, the tests were sub-divided in different 
driveability categories, including Launch and Performance Feel Subjective and objec­
tive data were correlated by means of several driveability parameters. The overlap in 
methodology allowed the data of all seven vehicles to be analysed in this category. Best 
correlations were achieved with the vehicle delay time, the vehicle acceleration and the 
initial rate of change of the vehicle acceleration.
To analyse the data acquired with Methodology II (four vehicles), a total of seven 
driveability parameters were defined and applied to a selection of the test data for
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screening analysis. Only three provided good correlations between subjective and 
objective data and these were the same ones as chosen for the data analysis of Phase I. 
No significant correlation was found for the remaining four driveability parameters, 
which were therefore discarded from further analysis. Those additional parameters 
were: the duration of acceleration until first peak, the retardation after first peak, the 
initial rate of change of engine speed and the engine delay.
The new methodology specified that the subjective assessment for each individual 
parameter was given separately from the overall assessment of driveability. 
Furthermore, the objective and subjective data were acquired for each test, which lead to 
huge amounts of data, but allowed analysis into whether a driver could treat each 
driveability parameter separately and assess what effect this parameter had on the 
overall driveability. The best correlation was found with delay time in relation to both 
its subjective assessment and influence on the overall driveability for the driveability 
category Performance feel. The delay time is therefore identified as one of the most 
influential parameters on the driveability. The remaining two parameters (vehicle 
acceleration and vehicle jerk) also showed good correlations but tended to be more 
dependant on the specific vehicle and driveability situations. Best correlations between 
subjective and objective data were achieved for large pedal displacements only.
Replacement of the GEMS controller strategy
After the initial driveability investigation had been carried out with the Ford Mondeo, its 
transmission controller hardware was replaced by a new version run in dSpace. 
Implementing this controller code allowed a flexible controller structure for rapid 
prototyping. Transient tests with this new controller setup were performed and the data 
acquisition system allowed the collection of almost all existing variables of the 
controller code. This made possible a thorough investigation of the behaviour of the 
current controller to identify the areas with the biggest potential for improvement.
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These were found to be:
• the transient behaviour should be more progressive
• in steady state mode, the engine speed should follow its demand value more closely 
Simulation program
To provide a suitable platform for the development of new controller strategies, a 
simulation program was developed in Matlab/Simulink to emulate the longitudinal 
vehicle behaviour during transients. The simulation specifications were derived from 
the driveability test results given in Chapter 4, with the main objective being that it 
should predict the amount of acceleration and jerk accurately enough to serve as a 
platform for the development of new controller strategies. The potential for predicting 
the vehicle delay time by means of the simulation program was investigated but not 
considered feasible. The simulation program was validated against experimental data. 
Good correlations were found for all remaining variables.
The development of a new transient controller strategy
In a next stage, the simulation program was used to develop a transient controller 
strategy. The objective of the new controller strategy centred on achieving a more 
progressive vehicle response. Other objectives were to develop a tuneable controller and 
to improve the steady state behaviour of the vehicle. The approach to tackle all of the 
objectives was that different controller modes were introduced for steady state and 
transient driving situations. At any time, the controller employed one of the two modes. 
To enable smooth shifts between both modes, appropriate conditions were defined by 
means of the simulation program and subsequently implemented in the vehicle. In 
transient mode, the vehicle acceleration was chosen to be a primary control variable, 
forcing the CVT acceleration to emulate that of the corresponding vehicle with a 
conventional transmission. Theoretically, this made it possible to match the 
characteristic of the CVT vehicle to any standard production vehicle, limited only by 
power considerations. The first acceleration trace chosen was from a vehicle that
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consistently achieved very good ratings for its acceleration. The chosen profile of the 
acceleration trace was normalised and shaped according to the current vehicle speed, 
vehicle acceleration, pedal position and the rate of change of the pedal position. The 
influence of the two last variables on the target acceleration could be modified online, 
making the controller code tuneable. The vehicle response could be made much more 
progressive by means of appropriate calibration of these calibration parameters.
A second acceleration trace was chosen as a target acceleration trace with the aim for the 
vehicle to emulate the behaviour of a torque converter. This new target acceleration 
trace introduced more vehicle jerk; however dynamic limitations were encountered 
which constrained the shaping the vehicle acceleration in certain boundaries.
The two separate modes for steady state and transient operation allowed the PID 
boundaries to be optimised for each mode separately. High PID boundaries were chosen 
for steady state mode, subsequently the engine speed followed its demand value much 
more closely than before. Lower PID boundaries were chosen during the initial stages 
of a transient operation: this reduced the vehicle delay time following a driver’s input 
and therefore increased the driveability of the test vehicle. A logic was introduced that 
increased the initially low PID boundaries after a couple of seconds to guarantee a 
smooth transition back to steady state mode. The separate selection of the PID 
boundaries for different driving situations improved both the steady state and the 
transient performance of the controller strategy.
The tuneable nature of the controller strategy can be used as part of future work to 
further refine driveability investigations.
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Appendix A Problems encountered during the dSpace Implementation
Some of the problems encountered during the implemen­
tation of the Dspace Controller
Problem: Incompatibility problem s between the software and the compilers
Solution: Reinstallation o f  the complete software packages o f  Matlab/Simulink and dSpace
Problem: CAN Card and Netway box broke down  
Solution: Having it fixed  at dSpace/ Smart tools
Problem: gear lever position could not be monitored 
Solution: Connectors that fa iled  were replaced
Problem: Netway box cannot recognize incoming messages, therefore emulation program  could 
not be started
Solution: Reprogramming o f  the netway box and using the filters to recognize messages rather 
their original code
Problem: M atlab model cannot be downloaded
Solution: D elete all files  that are associated with the Stateflow diagrams and built the whole 
program  from  scratch
Problem: M atlab model cannot be compiled because o f a specific S-function or Stateflow  
diagram
Solution: Compile this da ta file  separately
Problem: The digital Filter introduced noise to the engine speed signal and this prevents the
controller to switch from  startup into neutral because the minimum engine speed was 
regularly undercut
Solution: Noise was easily recognizable because the spikes occurred at 1 Hz a t idle speed. 
Digital filter  was removed and this resolved the problem
Problem: Controller does work, low regim e/ geared neutral/ high regime but becomes unstable 
then, particularly when the vehicle is in overrun mode, evil hunting is occurring 
Solution: Replace the engine speed sensor
Problem: Engine speed does not fo llow  engine speed demand 
Solution: D ele te / resetPID.c and load the program  again on the Autobox
Problem: Hunting during the warm-up phase
Solution: Vehicle needs warming up first, hunting vanishes after 20 min or so
Problem: Hunting does not vanish after 20 min or so 
Solution: Replacement o f the oxygen sensor
Problem: Engine speed starts to increase steadily
Solution: Engine speed sensor got unplugged and therefore some feedback signal was missing. 
Speed increased steadily
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Appendix B Ford steady state engine data
Look up table produced in MATLAB 
Torque [Nm] for rpm [1/min] versus MAP [kPa]
0 10 20 30 40 50 60 70 80 90 100 110 120
500 -70.23 -49.03 -27.92 -6.90 14.04 34.91 55.70 76.43 97.11 117.73 138.32 158.88 179.41
1000 -57.99 -36.30 -13.61 12.60 29.05 44.99 65.74 84.54 103.59 119.77 135.20 122.99 127.45
1500 -50.89 -28.18 -5.08 18.43 39.23 58.11 77.42 95.53 113.29 130.75 140.98 218.86 261.87
2000 -50.42 -28.88 -7.39 14.67 33.15 52.46 70.68 89.33 112.39 132.08 153.82 188.61 216.47
2500 -47.40 -24.87 -1.43 22.86 40.47 58.44 75.24 90.44 109.99 139.39 163.44 213.02 248.05
3000 -51.83 -29.67 -7.04 16.28 34.10 49.45 64.68 82.83 102.43 137.48 164.46 200.06 230.58
3500 -44.63 -23.50 -2.50 17.65 33.09 46.59 60.10 78.53 96.79 142.09 175.69 219.63 256.83
4000 -42.68 -21.65 -0.71 19.92 34.53 46.42 64.36 85.35 110.95 144.65 177.82 215.77 249.58
4500 -34.93 -15.42 3.21 20.82 34.07 47.71 71.83 94.23 137.96 158.47 179.49 201.34 224.17
5000 -38.12 -18.32 0.87 18.64 32.00 53.51 73.27 105.45 138.71 160.10 180.23 202.29 224.26
5500 -41.73 -22.06 -3.11 13.76 30.27 46.99 69.33 97.89 137.37 155.24 175.85 198.08 220.37
6000 -57.72 -36.60 -15.48 5.73 25.01 44.79 67.38 89.52 124.17 140.61 158.11 177.50 197.69
6500 -61.93 -41.45 -21.20 -1.31 17.60 37.55 59.00 79.68 102.69 125.49 136.22 152.11 169.89
University o f Bath Page A-3
Appendix C Excel data files of the subjective and objective results








6.21 5.88 7.33 7.33 7.14 8.17 9.04
Traffic Crawl 7.21 7.04 7.58 7.33 8 7.75 8.57
Launch Feel 5.93 6.21 6.83 7.43 8.21 7.75 8.25
Table A-l: Average Assessments for all test vehicles in comparison
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Appendix C Excel data files of the subjective and objective results






1 Chris 8 10 9 9 9
2 Don 9 9 10 9 9.25
3 Robin 9 10 10 9 9.5
4 Jon 9 9 9 10 9.25
5 Hugh 7 8 8 8 7.75
6 Volker 8 10 10 9 9.25
7 Stephane 9 9 9 9 9
8 Adam 8 7 9 8 8
9 Roshan 7 8 7 7 7.25
10 Nick 8 7 9 8 8
11 Richard 9.5 9 9.5 9 9.25
12 Matt 8 8 9 9 8.5
13 Adrian 8 8 9 9 8.5
14 Steve 8 8 9 9 8.5
15 Richard 8.5 9 8.5 8 8.5
16 Alex 8.5 8 8 8 8.125
8.25 8.57 9.04 8.71 AVERAGE
Table A-2: Category Assessments for the BMW
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Appendix C Excel data files of the subjective and objective results






1 Don 10 10 10 10 10
2 Volker 9 8 7 9 8.25
3 Chris 9 8 8 9 8.5
4 Bernd 9 9 7 8 8.25
5 Paul 7 8 7 8 7.5
6 Jon 7 8 7 8 7.5
7 Robin 9 8 7 9 8.25
8 Crampon 8 6 5 7 6.5
9 Ben 8 7 6 7 7
10 Roshan 7 8 7 8 7.5
11 Richard 9 8 8 8 8.25
12 Hugh 8 9 6 7 7.5
13 Matt 8 7 7 8 7.5
14 Richard 7 8 8 8 7.75
8.21 8.00 7.14 8.14 AVERAGE
Table A-3: Category Assessments for the Vauxhall Omega
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Appendix C Excel data files of the subjective and objective results






1 Matt 7 7 5 6 6.25
2 Richard 4 8 6 7 6.25
3 Sam 5 8 6 6 6.25
4 Tosh 5 7 6 6 6
5 Jon 6 7 8 7 7
6 Bob 4 6 5 5 5
7 Robin 6 7 5 6 6
8 Paul 6 7 6 7 6.5
9 Steve 10 9 8 9 9
10 Adrian 2 5 4 5 4
11 Richard 8 7 7 7 7.25
12 Adrian 7 6 5 5 5.75
13 Don 6 9 8 7 7.5
14 Volker 7 8 8 8 7.75
5.93 7.21 6.21 6.50 AVERAGE
Table A-4: Category Assessments for the Ford Mondeo (Gems Controller)
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Appendix C Excel data files of the subjective and objective results






1 Sam 7 7 8 8 7.50
2 Volker 8 6 9 8 8.33
3 Robin 5 6 7 5 6.50
4 Jon 7 6 8 8 7.00
5 Richard 8 8 8 8 8.00
6 Lisa 8 8 7 8 7.75
7 Matt 7 7 6 7 6.75
8 Chris 9 6 7 8 7.00
9 Tosh 7 7 7 8 7.25
10 Nick 7 9 7 8 8.00
11 Bernd 10 8 8 9 8.33
7.43 7.33 7.33 8.00 Average
Table A-5: Category Assessments for the Rover
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Appendix C Excel data files of the subjective and objective results
R over T est 1 S a m Jon Robin Rich Fred Chris T osh Nick
1st P edal M ov./ s e c 28.71 1 9 .42 176 .12 7 1 .4 6 9 7 .5 8 7 .4 7 5 .9 3
riena picks up/ s e c 2 8 .8 6 19 .57 1 7 6 .3 7 1 .6 8 9 7 .7 8 7 .6 2 6 .09
Vvehicle PlCkS Up/ S ee 2 8 .9 3 1 9 .65 17 6 .3 7 7 1 .6 2 97.81 7 .6 7 6 .1 5
T im e of en d  of aV0h / s 29 .11 1 9 .87 1 7 6 .5 5 72 9 8 .0 9 7 .9 6 .47
Tim e of peak  aVeh / s 2 9 .1 7 1 7 6 .62 7 1 .9 5 9 8 .0 8 7 .9 M ean MIN MAX Stan D ev
E ngine delay tim e / s 0 .1 5 0 .1 5 0 .1 8 0 .2 2 0 .2 0 .1 5 0 .1 6 0 .1 7 0 .1 5 0 .2 2
V ehicle delay tim e /  s 0 .2 2 0 .2 3 0 .2 5 0 .1 6 0 .2 3 0 .2 0 .2 2 0 .2 1 6 0 .1 6 0 .2 5 0 .0 3
T im e until peak  a c c /  s 0 .2 4 0 .2 5 0 .3 3 0 .2 7 0 .2 3 0 .2 6 0 .2 3 0 .3 3 0 .0 4
V A /g 0 .2 3 0 .2 3 0 .2 4 0 .1 9 6 0 .2 1 9 0.21 0 .2 2 0 .2 2 0 .1 9 6 0 .2 4 0.01
T V A /g 0 .2 7 0 .2 5 0 .2 4 0 .2 2 0 .2 5 0 .2 2 0 .2 7
Xpedal, initial /  % 0 0 0 0 0 .0 0 0 0
AXpedal, end /  % 3 0 2 0 2 0 18 .09 2 6 .7 7 17.4 2 0 2 1 .7 5 17 .4 3 0 4 .7 4
AXpedal, initial /  (% /s) 9 8 .9 0 8 1 .1 5 1 1 9 .44 3 5 .0 2 57 .5 9 80 .6 2 3 6 .5 8 7 2 .7 6 3 5 .0 2 1 1 9 .44 31 .51
V ehicle jerk /  (g/s) 1 .28 1 .05 1.34 0 .5 2 0 .7 8 0.91 0 .6 8 7 5 0 .9 4 0 .5 2 1 .34 0 .3 0
An0naine. ini /  (rev/m in/s) 3 3 3 5 2 3 9 4 3 2 7 0 2 4 1 9 .3 5 3 1 1 8 .5 2 2 3 0 0 .0 0 6 6 4 .7 6 2 7 8 1 .4 8 2 5 3 5 .3 8 6 6 4 .7 6 3 3 3 4 .6 2
S m o o th n e ss 5 7 4 6 8 9 9 9 7 .1 3 4 9
V ehicle  D elay 8 8 9 8 6 9 8 10 8 .2 5 6 10
E ngine D elay 9 8 9 7 7 9 8 10 8 .3 8 7 10
Acceleration F eel 4 6 6 8 8 9 8 9 7 .2 5 4 9
J erk y n ess 7 8 8 7 9 9 9 8 8 .1 3 7 9
Perform ance F eel 3 7 8 7 9 9 7 9 7 .3 8 3 9
Driveability 4 9 8 8 9 9 8 8 7 .8 8 4 9
Num ber of drivers 1 2 3 4 5 6 7 8 8
Table A-6: Test Results Rover {Test 1)
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Appendix C Excel data files of the subjective and objective results
R over T est 2 S a m Volker Robin Richard T osh Nick B em d
1st P edal M o v ./s 2 1 .1 2 5 .52 8 .2 8 4 .2 5 .6 6 8 .0 5 3 .6 3
rieng picks UP/  S 2 1 .2 7 5 .7 8 .4 2 4 .3 7 5 .8 8 8 .1 8 3 .7 4
Vvehicle picks UP/  S 2 1 .3 4 5 .7 5 8 .5 4 .4 2 5.9 8 .2 4 3 .8 5
Tim e of e n d  of aveh / s 2 1 .5 8 5.91 8 .6 9 4 .8 5 6 .0 8 8 .5 2 4 .0 8
Tim e of p ea k  aveh/ s 2 1 .6 5 .9 5 8 .7 4 4 .6 9 7 .0 9 8 .5 2 5 .2 5 M ean MIN MAX Stan D ev
E ngine delay tim e /  s 0 .1 5 0 .1 8 0 .1 4 0 .1 7 0 .2 2 0 .1 3 0.11 0 .1 6 0.11 0 .2 2
V ehicle delay  tim e /  s 0 .2 2 0 .2 3 0 .2 2 0 .2 2 0 .2 4 0 .1 9 0 .2 2 0 .2 2 0 0 .1 9 0 .2 4 0 .0 2
Tim e until peak  a c c  /  s 0 .2 6 0 .2 0 .2 4 0 .2 7 1.19 0 .2 8 1 .4 0 .5 5 0 .2 0 1 .40 0.51
A V /g 0 .2 4 0 .2 3 0 .2 7 0 .2 4 6 0 .2 3 0 .2 8 6 0 .281 0 .2 5 0 .2 3 0 .2 9 0 .0 2
T A V /g 0 .2 9 0 .2 8 0 .2 7 0 .2 9 0 .2 9 0 .2 8 0 .2 7 0 .2 9
Xpedal, initial /  % 0 0 0 0 0 .0 0 0 0 0 .0 0
AXpedal, end /  % 4 0 5 3 .2 6 3 1 .5 3 1 .9 8 39 5 1 .8 4 4 .2 8 4 1 .6 9 32 53
AXDedal. initial/ (% /s) 15 3 .3 0 8 5 .1 7 3 9 .5 4 10 2 .98 6 9 .3 3 14 0 .3 7 9 8 .4 5 4 0 153
V ehicle jerk /  (g/s) 1 1 .44 1 .42 0 .5 7 1.28 1 .02 1.22 1 .1 4 1 1 0 .3 0
Anenaine. ini /  (rev/m in/s) 2 9 0 8 2 4 0 8 3 1 6 5 2 7 2 1 .8 8 3 6 1 6 .0 0 3 7 0 4 .0 0 3087 .21 2 4 0 8 3 7 0 4 5 0 8 .4 7
S m o o th n e ss 7 8 9 8 8 8 9 8 .1 4 7 9
V ehicle  Delay 7 9 7 7 8 9 8 7 .8 6 7 9
E ngine Delay 7 8 10 7 8 10 8 8 .2 9 7 10
A cceleration F eel 7 6 9 5 8 9 8 7 .4 3 5 9
J erk yn ess 7 6 8 7 8 9 9 7.71 6 9
Perform ance F eel 7 7 9 6 8 9 8 7.71 6 9
Driveability 7 7 9 7 8 9 9 8 .0 0 7 9
Num ber of T est Drivers 1 2 3 4 5 6 7 7
Table A-7: Test Results Rover {Test 2)
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Appendix C Excel data files of the subjective and objective results
Rover T est 3 S a m Volker Fred Tosh Bernd
1st P edal M o v /s 4 .1 5 6 .29 2 .3 5 5 0 .3 5 18 .73
riena p ic k s  UP /  S 4 .2 9 6 .42 2 .5 3 50 .4 9 18 .86
Vvehicle PickS UP /  S 4 .4 6 .39 2 .5 9 50.51 18.9
Tim e of peak  a veh /  s 4 .5 9 6 .69 2 .8 4 5 0 .7 5 19 .15 AVERAGE MIN MAX St Dev
E ngine delay tim e /  s 0 .1 4 0 .1 3 0 .1 8 0 .14 0 .1 3 0 .1 4 0 .1 3 0 .1 8 0 .0 2
V ehicle delay tim e /  s 0 .2 5 0.1 0 .2 4 0 .16 0 .1 7 0 .1 8 4 0 .1 0 0 .2 5 0 .0 6
Tim e until peak  a c c  /  s 0 .1 9 0 .3 0 .2 5 0 .2 4 0 .2 5 0 .2 5 0 .1 9 0 .3 0 .0 4
A V /g 0 .2 3 8 0 .2 9 0 .2 5 8 0 .2 9 4 0 .2 5 0 .2 7 0 .2 3 8 0 .2 9 4 0 .0 2
T A V /g 0 .3 4 0 .3 2 4 0.31 0 .3 0 .3 4 0 .3 2 0 .3 0 .3 4 0 .0 2
Xpedal, inilia! /  % 0 0 0 0 0 0 .0 0 0 0 0 .0 0
AXpedal, end /  % 6 0 6 7 .6 5 7 .7 4 8 0 7 1 .3 5 6 7 .3 4 5 7 .7 4 8 0 8 .9 8
AXpedal. initial/ (% /s) 90 4 8 6 8 3 294 123 2 1 5 .1 6 8 2 .8 8 4 8 5 .8 6 174 .09
V ehicle  jerk /  (g/s) 1 .2 5 1.12 1.032 1 .225 1 .152 1.16 1 .0 3 2 1 .2 5 0 .0 9
A verage jerk /  (g/s) 1 .2 5 0 .9 7 1 .03 1.22 1 .00 1 .10 0 .9 7 1 .2 5 0 .1 3
Anenaine. ini /  (rev/m in/s) 2 2 9 4 3121 3 369 2928 .01 2 2 9 4 .1 2 3 3 6 9 .2 3 5 6 2 .8 6
S m o o th n e ss 7 9 9 8 9 8 .4 0 7 9 0 .8 9
V ehicle D elay 8 9 6 8 8 7 .8 0 6 9 1.10
E ngine D elay 6 9 7 8 8 7 .6 0 6 9 1 .14
A cceleration F eel 8 9 7 8 8 8 .0 0 7 9 0.71
Jerk y n ess 7 8 8 7 9 7 .8 0 7 9 0 .8 4
Perform ance F eel 8 8 9 8 8 8 .2 0 8 9 0 .4 5
Driveability 7 8 7 8 9 7 .8 0 7 9 0 .8 4
Num ber of drivers 1 2 3 4 5 5
Table A-8: Test Results Rover (Test 3)
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Appendix C Excel data files of the subjective and objective results
Rover T est 4 S a m Volker Jon Robin Richard Fred Chris T osh Nick Bernd
1st Pedal M o v ./s 2 0 .4 2.31 7 .2 6 8 .6 5 2.11 6 .32 4 3 .5 7 1 6 .2 5 4 .8 4 2 .7 4
rieno picks up/ s 2 0 .5 7 2 .4 7 .3 7 8 .7 6 2 .2 7 6 .4 5 4 3 .7 1 6 .3 7 4 .9 8 2 .8 2
Vvehicle picks UP/  S 2 0 .5 9 2 .4 3 7 .4 4 8 .8 3 2 .2 9 6 .5 3 4 3 .7 4 1 6 .3 7 5 .0 8 2 .8 8
Tim e of en d  of aVeh/ s 20.81 2 .7 3 7 .7 5 9.1 2 .5 3 6 .86 4 3 .9 9 1 6 .6 3 5 .32 3 .1 8
Tim e of peak  aveh/ s 2 0 .7 5 2 .6 8 7 .7 5 9 .0 9 2 .4 9 6.81 44 16.6 5 .3 5 3 .1 3 M ean MIN MAX S ta D ev
E ngine delay tim e /  s 0 .1 7 0 .0 9 0.11 0.11 0 .1 6 0 .1 3 0 .1 3 0 .1 2 0 .1 4 0 .0 8 0 .1 2 0 .0 8 0 .1 7 0 .0 3
V ehicle delay tim e /  s 0 .1 9 0 .1 2 0 .1 8 0 .1 8 0 .1 8 0.21 0 .1 7 0 .1 2 0 .2 4 0 .1 4 0 .1 7 0 .1 2 0 .2 4 0 .0 4
Tim e until peak  a c c  /  s 0 .2 2 0 .3 0.31 0 .2 7 0 .2 4 0 .3 3 0 .2 5 0 .2 7 0 .2 2 0 .3 3 0 .0 4
A V /g 0 .2 5 3 0 .3 0 .211 0 .2 6 3 0 .2 2 0 .2 6 0 .2 4 0 .2 6 0 .2 5 6 0 .2 6 0 .2 5 0 .211 0 .3 0 .0 2
T A V /g 0 .2 9 3 0 .3 3 0 .2 8 0 .2 9 0 .2 9 0 .2 9 0 .2 7 0 .3 0 .3 0 .3 2 0 .3 0 0 .2 7 0 .3 3 0 .0 2
Xpedal, initial /  % 0 0 0 0 0 0 .0 0 0 0 0 .0 0
AXpedal. end /  % 100 100 100 100 96 .6 7 100 100 100 100 100 9 9 .6 7 9 6 .6 7 100 1 .05
AXpedal. initial /  (%/S) 2 5 1 .2 8 2 6 3 .1 6 2 2 7 .2 7 1 3 0 .6 3 118.51 146 .00 3 4 4 .8 3 4 5 4 .5 5 1 5 8 .7 3 3 8 4 .6 2 2 4 7 .9 6 118.51 4 5 4 .5 5 115.61
V ehicle jerk /  (g/s) 1 .58 1 .2 0 0 .6 8 1.01 1 .10 0 .9 3 0 .9 2 1 .13 0 .9 5 1.04 1 .05 0 .6 8 1 .58 0 .2 3
Anenaine. ini /  (rev/m in/s) 2681 2 8 3 6 2 8 1 4 3 2 2 4 3 9 5 9 .0 9 3 5 2 8 .0 0 4 0 9 4 .4 4 3 1 3 3 .3 3 2 4 8 1 .5 8 3 1 9 4 .5 6 2 4 8 1 .5 8 4 0 9 4 .4 4 5 6 5 .2 6
S m o o th n e ss 6 9 8 9 5 8 8 9 9 10 8 .1 0 5 10 1 .52
V ehicle D elay 6 7 7 5 8 6 6 7 6 9 6 .7 0 5 9 1 .16
E ngine D elay 5 8 6 5 6 7 6 7 7 9 6 .6 0 5 9 1.26
A cceleration F eel 9 8 7 7 7 8 6 8 7 9 7 .6 0 6 9 0 .9 7
J erk y n ess 8 7 9 7 6 8 6 7 9 10 7 .7 0 6 10 1 .34
P erform ance F eel 9 9 7 7 7 9 6 8 8 9 7 .9 0 6 9 1 .10
Driveability 7 8 8 7 7 8 8 8 7 9 7 .7 0 7 9 0 .6 7
Num ber of drivers 1 2 3 4 5 6 7 8 9 10 10
Table A-9: Test Results Rover {Test 4)
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Appendix C Excel data files of the subjective and objective results
Rover T e st 10 Volker Jon Robin Rich Fred Lisa Chris T osh Nick
1st Pedal M o v /s 8 .3 7 3 6 .6 7 6 0 .5 5 2 7 .0 7 54 .5 8 15 .19 12 .65 12 .6 6 5 3 .1 5
rieng p ic k s  UP /  S 8.51 3 6 .7 8 6 0 .7 7 2 7 .3 54 .7 3 15 .35 12 .75 13 .46 5 3 .2 3
Vvehicle PiCkS Up /  S 8.51 3 6 .9 6 0 .7 3 2 7 .2 3 55 .0 2 15.51 12 .73 12 .82 5 3 .3 4
Tim e of peak  aveh/ s 8 .6 4 3 6 .9 5 60.81 2 7 .4 6 5 5 .0 3 12 .84 M ean MIN MAX S tD ev
Engine delay tim e /  s 0 .1 4 0.11 0 .2 2 0 .2 3 0 .1 5 0 .1 6 0.1 0 .8 0 .0 8 0 .2 2 0 .0 8 0 .8 0 .2 2
V ehicle delay tim e /  s 0 .1 4 0 .2 3 0 .1 8 0 .1 6 0 .4 4 0 .3 2 0 .0 8 0 .1 6 0 .1 9 0.21 0 .0 8 0 .4 4 0.11
Tim e until peak  a c c  /  s 0 .1 3 0 .0 5 0 .0 8 0 .2 3 0.01 0.11 0 .1 0 0.01 0 .2 3 0 .0 8
A V /g 0 .1 0 6 0 .0 6 0 .0 9 0 .0 8 0 .1 1 6 0 .0 6 2 0 .1 1 9 0 .1 2 0 .1 0 6 0 .1 0 0 .0 6 0 .1 2 0 .0 2
T A V /g 0.11 0 .1 4 0.1 0.1 0 .1 2 0.11 0.1 0 .1 4 0 .0 2
Xpedal, initial /  % 10.1 7 .5 2 10 7.1 15 .92 10 .1 3 7.1 15 .92 3 .5 2
AXpedal, end /  % 2 8 .8 2 3 .7 2 4 2 .5 20 28.51 18 .5 2 7 .5 1 9 .5 5 40 .81 2 7 .7 7 1 8 .5 4 2 .5 8 .8 0
AXpedal, initial /  (% /S ) 5 7 .6 0 5 9 .0 0 5 8 .4 2 4 7 .8 0 41 .8 9 116 .96 2 5 4 .4 6 13 4 .0 0 9 6 .2 7 4 1 .9 2 5 4 .4 6 72.21
V ehicle jerk /  (g /s) 0 .5 0.41 0 .5 0 .3 0 .3 9 1 .04 0.11 0 .181 0 .4 3 0.11 1.04 0 .2 8
Anenaine, ini /  (rev/m in/s) 4 6 4 .4 2 3 2 6 .4 3 5 5 4 .9 0 3 9 3 .9 4 412.21 166 .67 1 1 8 0 .0 0 9 4 5 .1 6 9 1 9 .7 5 5 9 5 .9 4 1 6 6 .6 7 1180 3 3 8 .8 2
S m o o th n e ss 8 8 9 8 9 9 9 9 9 8 .6 7 8 9 0 .5 0
V ehicle  D elay 7 7 8 8 8 8 9 8 9 8 . 0 0 7 9 0.71
E ngine D elay 7 7 8 8 8 8 9 8 9 8 . 0 0 7 9 0.71
A cceleration F eel 6 6 9 9 8 6 9 8 9 7 .7 8 6 9 1 .39
Jerk y n ess 5 8 9 9 8 9 9 7 9 8 .1 1 5 9 1.36
P erform ance F eel 4 6 8 8 9 8 9 7 9 7 .5 6 4 9 1 .67
Driveability 6 8 8 9 9 9 9 8 9 8 .3 3 6 9 1 .00
Num ber of T est Drivers 2 3 4 5 6 7 8 9 10 11
Table A-10: Test Results Rover {Test 10)
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Rover T est 11 Volker Robin Rich Fred Chris T osh Nick Bernd
1st P edal M o v ./ s 18 .62 8 .6 3 10 .09 9 .4 4 1 2 .17 79 .8 6 5.51 7 0 .7 9
riona picks up /  s 18 .76 8 .6 5 1 0 .19 9 .6 3 12 .29 7 9 .9 6 5 .6 3
Vvehicle piCkS UP /  S 18 .88 8.71 10.21 9 .6 8 12.3 7 9 .9 7 5 .6 5 7 0 .9 2
T im e of peak  a veh /  s 19.51 9 .6 4 1 1 .27 11 .37 13 .27 81 7 .0 7 7 1 .9 2
vVeh inc. 2 nd tim e /  s 19.41 9 .4 2 10 .44 10.09 12 .67 8 0 .4 8 6 .3 7 1 .7 5 M ean MIN MAX StD ev
E ngine delay tim e /  s 0 .1 4 0 .0 2 0.1 0 .1 9 0 .12 0.1 0 .1 2 0.11 0 .0 2 0 .1 9 0 .0 5
Vehicle delay tim e /  s 0 .2 6 0 .0 8 0 .1 2 0 .2 4 0 .1 3 0.11 0 .1 4 0 .1 3 0 .1 5 0 .0 8 0 .2 6 0 .0 6
Total veh icle  delay  /  s 0 .7 9 0 .7 9 0 .3 5 0 .6 5 0 .5 0 .6 2 0 .7 9 0 .9 6 0 .6 8 0 .3 5 0 .9 6 0 .1 9
A V /g 0.1 0 .1 3 0 .0 3 0 .0 3 0 .0 5 0 .0 3 0 .0 5 0 .1 5 8 0 .0 7 0 .0 3 0 .1 5 8 0 .0 5
T A V /g 0 .2 0 .2 0 .1 3 0 .1 7 5 0 .1 5 0 .1 4 0 .1 9 5 0 .3 1 5 0 .1 9 0 .1 3 0 .3 1 5 0 .0 6
Xpedal, initial /  % 16 .93 9 .3 4 .7 8 7 .09 9 .26 1 3 .0 2 5 .9 9 .47 4 .7 8 16 .93 4 .2 6
AXpedal, end /  % 55 2 4 .0 7 2 4 .0 3 4 0 .6 6 4 4 .5 7 1 .39 4 8 .7 50 3 6 .0 5 1.39 55 18.11
AXpedal, initial /  (%/S) 1 1 1 .8 9 87.51 6 7 .1 8 57 .8 8 1 6 6 .70 138 .62 7 6 .1 9 1 3 6 .5 5 105.31 5 7 .8 8 1 6 6 .7 0 3 9 .2 2
V ehicle jerk /  (g/s) 1 .00 0 .5 9 0 .0 4 0 .0 2 0 .0 8 0 .0 6 0 .0 6 0 .9 3 0 .3 5 0 .0 2 3 1 0 .4 2
A verage jerk /  (g/s) 0 .3 8 0 .2 8 0 .5 7 0 .1 0 0 .1 5 0 .1 4 0 .1 4 0 .3 2 0 .2 6 0 .1 0 0 .5 7 0 .1 6
Anenaine, ini /  (rev/m in/s) 2 2 3 8 509.91 6 1 6 .1 3 9 9 4 .2 5 5 7 1 .0 3 9 8 5 .8 8 509 .91 2238 .1 7 2 5 .1 7
S m o o th n e ss 6 9 8 8 8 9 9 9 8 .2 5 6 9 1 .04
V ehicle D elay 6 8 8 7 8 8 9 8 7 .7 5 6 9 0 .8 9
E ngine D elay 7 8 8 7 8 8 9 8 7 .8 8 7 9 0 .6 4
A cceleration F eel 6 9 7 8 7 8 9 8 7 .7 5 6 9 1.04
Jerk y n ess 7 7 8 8 7 8 9 9 7 .8 8 7 9 0 .8 3
Perform ance F eel 6 9 6 9 7 7 9 7 7 .5 0 6 9 1.31
Driveability 7 9 8 8 8 8 9 8 8 .1 3 7 9 0 .6 4
Num ber of drivers 1 2 3 4 5 6 7 8 8
Table A-l 1: Test Results Rover (Test 11)
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Rover T e st 12 S a m Volker Jon Robin Rich Fred T osh
1st P edal M o v ./ s 11 .62 11 .27 2 2 .6 9 13.71 35.21 4 .5 9 15 .46
fiend picks up /  S 11 .8 11 .53 2 2 .8 6 13 .78 3 5 .4 9 4 .7 2 15 .59
Vvehide PiCkS UP /  S
Tim e of peak  aVen / s 12 .9 5 12 .13 2 3 .8 6 15 .35 36.41 6.21 1 6 .4 3 M ean MIN MAX St Dev
Engine delay tim e /  s 0 .1 8 0 .2 6 0 .1 7 0 .0 7 0 .2 8 0 .1 3 0 .1 3 0 .1 7 0 .0 7 0 .2 8
V ehicle delay tim e /  s
A V /g
T A V /g
Xpedal, initial /  % 14 .5 15 .2 12 13 .75 8 .8 3 11 .87 14 .9 13.01 8 .8 3 14.9 2 .2 7
AXpedal. end /  % 59.91 4 3 .5 6 3 5 .1 8 50 .07 4 2 .4 5 0 .8 2 8 .8 4 4 .3 8 9 2 8 .8 59.91 10 .38
AXpedal, initial /  (% /s) 105.11 13 6 .1 3 52.51 51 .09 7 4 .3 9 4 8 .3 8 219 .21 98.11 4 8 .3 8 219 .21 6 2 .5 6
V ehicle jerk /  (g/s)
A verage jerk /  (g /s)
Anenaine, ini /  (rev/m in/s) 2 0 4 5 647 7 1 2 7 9 5 .4 5 1 1 9 5 .4 0 2 3 9 0 .6 3 1 2 9 7 .4 8 6 4 7 2 3 9 0 .6 2 5 745 .91
S m o o th n e ss 8 8 8 7 7 8 9 7 .8 6 7 9 0 .6 9
V ehicle D elay 8 7 7 7 7 7 8 7 .2 9 7 8 0 .4 9
E ngine D elay 9 8 6 7 7 7 9 7 .5 7 6 9 1 .13
A cceleration F eel 8 8 7 8 7 8 8 7 .71 7 8 0 .4 9
J erk y n ess 8 8 8 8 8 8 8 8 .0 0 8 8 0 .0 0
P erform ance F eel 8 8 7 8 7 9 8 7 .8 6 7 9 0 .6 9
Driveability 8 9 8 8 8 7 8 8 .0 0 7 9 0 .5 8
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-12: Test Results Rover (Test 12)
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Rover T e st 13 S a m Volker Jon Richard Fred Chris
1st P edal M o v ./ s 15 .2 3 10 .42 19 .92 4 0 .4 8 2 7 .4 7 4 .2
Heng picks Up /  S 15 .24 10 .62 19 .96 40.71 2 7 .5 4 4.31
Vvehide PlCkS UP /  S 15 .39 1 0 .5 2 0 .0 7 4 0 .6 7 2 7 .5 7 4.31
T im e of peak  a veh /  s 16.61 11.41 2 0 .7 5 41 .8 2 2 8 .3 9 5 .1 8
Vveh inc. 2 nd tim e /  s 16 .04 11.21 2 0 .6 3 4 1 .6 2 8 .1 7 5 .0 5 M ean MIN MAX StD ev
E ngine delay tim e /  s 0 .01 0 .2 0 .0 4 0 .2 3 0 .0 7 0.11 0.11 0.01 0 .2 3 0 .0 9
V ehicle delay tim e /  s 0 .1 6 0 .0 8 0 .1 5 0 .1 9 0.1 0.11 0 .1 3 0 .0 8 0 .1 9 0 .0 4
Total veh icle  d e l a y / s 0 .81 0 .7 9 0.71 1.12 0 .7 0 .8 5 0 .8 3 0 .7 0 1 .12 0 .1 5
A V /g 0 .1 3 0 .1 6 8 0 .1 5 0 .2 6 0 .2 6 0 .1 7 0 .1 9 0 .1 3 0 .2 6 0 .0 6
T A V /g 0 .1 7 5 0 .2 6 4 0.21 0 .2 6 0 .2 6 0 .2 8 2 0 .2 4
Xpedal, initial /  % 1 4 .7 17 .66 15 .2 7.1 7 .5 8 .2 5 1 1 .7 4 7 .1 0 17 .66 4 .6 4
AXpedal, end /  % 6 0 .5 8 5 .5 3 8 3 .8 72.91 92.91 92 8 1 .2 8 6 0 .5 0 92.91
AXpedal, initial /  (°/o/s) 1 0 3 .29 2 2 8 .7 2 3 1 3 .5 6 99.81 1 9 1 .15 4 3 6 .9 0 2 2 8 .9 0 99.81 4 3 6 .9 0 12 9 .8 5
V ehicle jerk /  (g/s) 0 .2 3 0 .8 4 1 .25 1 .18 1.18 1.31 1 .00 0 .2 3 1.31 0.41
A verage jerk /  (g/s) 0 .1 4 0 .2 9 0.31 0 .2 3 0 .3 2 0 .3 2 0 .2 7 0 .1 4 0 .3 2 0 .0 7
Anenaine. ini /  (rev/m in/s) 2 0 5 4 2651 1920 .59 2765 .31 2 2 2 9 .8 9 2 3 2 4 .1 8 1 9 2 0 .5 9 276 5 .3 1 3 6 9 .5 7
S m o o th n e ss 7 9 7 7 7 8 7 .5 0 7 .0 0 9 .0 0 0 .8 4
V ehicle D elay 9 7 4 6 6 8 6 .6 7 4 .0 0 9 .0 0 1 .75
E ngine D elay 10 9 7 8 7 8 8 .1 7 7 .0 0 10 .0 0 1.17
Acceleration F eel 9 8 7 7 7 7 7 .5 0 7 .0 0 9 .0 0 0 .8 4
Jerk y n ess 8 8 7 6 6 7 7 .0 0 6 .0 0 8 .0 0 0 .8 9
P erform ance F eel 9 8 7 7 9 7 7 .8 3 7 .0 0 9 .0 0 0 .9 8
Driveability 8 8 6 7 6 8 7 .1 7 6 .0 0 8 .0 0 0 .9 8
Num ber of drivers 1 2 3 5 6 7 9
Table A-13: Test Results Rover {Test 13)
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R over T e st 14 Volker Jon Robin Rich Fred Lisa Chris Nick Bernd
18t P edal M o v ./ s 11 .42 4 3 .5 8 3 0 .7 15 .15 2 4 .6 6 7 1 .8 15 .28 5 2 .4 9 9 .5 5
Plena piCkS UP /  S 1 1 .5 5 4 3 .6 5 3 0 .9 4 15 .54 2 4 .8 8 7 1 .9 5 15.41
Vvehicle PiCkS UP /  S 1 1 .5 3 4 3 .8 8 3 1 .0 2 15 .59 2 5 .2 9 71 .9 6 15 .87 5 3 .1 6 9.71
Tim e of peak  a veh /  s 12 .3 4 4 .6 5 3 1 .8 2 16.1 25.91 7 2 .3 8 16 .05 54 1 0 .9 5
Vveh inc. 2 nd tim e /  s 1 2 .1 8 B 71 .9 D B AM ean MIN MAX SD
E ngine delay tim e /  s 0 .1 3 0 .0 7 0 .2 4 0 .3 9 0 .2 2 0 .1 5 0 .1 3 0 .2 2 0 .1 3 0 .3 9 0.11
V ehicle delay tim e /  s 0.11 0 .3 0 .3 2 0 .4 4 0 .6 3 0 .1 6 0 .5 9 0 .6 7 0 .1 6 0 .4 4 0 .1 6 0 .6 7 0 .2 2
Tim e until peak  a c c  /  s 0 .7 7 0 .7 7 0 .8 0.51 0 .6 2 0 .4 2 0 .1 8 0 .8 4 1 .24 0 .6 4 0 .1 8 1 .24 0 .3 0
A V /g 0 .1 6 8 0 .0 8 6 0 .0 5 0 .0 7 8 0 .0 6 3 0.1 0 .0 9 3 0.1 0 .1 0 4 0 .0 9 0 .0 6 3 0 .1 0 4 0 .0 3
T A V /g 1.19 0 .0 8 6 0 .0 5 0 .0 7 8 0 .0 6 0.1
Xpedal, initial /  % 15.8 18.8 13 .75 21 .4 2 10.7 15 .29 1 0 .7 2 1 .4 2 4 .1 9
AXpedal, end /  % 4 9 .3 5 4 0 .2 3 2 3 .5 2 8 .3 7 4 3 .4 2 3 7 .7 7 4 7 .5 5 3 .3 6 8 9 .2 9 4 9 .9 5 2 8 .3 7 8 9 .2 9 1 8 .9 3
AXpedal, initial /  (%/s) 14 1 .58 4 4 .5 3 5 0 .2 8 4 8 .1 0 90 .1 5 1 3 6 .43 1 9 5 .38 1 1 3 .87 9 0 .8 8 11 2 .4 7 48.1 195 .4 5 0 .9 3
V ehicle jerk /  (g/s) 0 .9 0 .1 6 0 .0 4 0 .0 6 7 0 .0 6 2 0 .1 9 0 .1 5 0 .1 0 7 0 .1 2 0 .0 6 2 0 .1 9 0 .2 8
A verage jerk /  (g/s) 0 .9 0 .1 6 0 .0 4 0 .0 6 7 0 .0 6 2 0 .1 9 0 .1 5 0 .1 0 7 0 .1 2 0 .0 6 2 0 .1 9 0 .2 8
Anenpine, ini/ (rev/m in/s) 2 2 0 4 6 8 5 689 6 1 4 .5 5 148 6 .0 5 1175 .00 1 3 2 5 .0 0 1 1 5 0 .1 5 6 1 4 .5 5 1 4 8 6 .0 5 5 7 2 .6 7
S m o o th n e ss 6 8 9 8 9 9 9 10 10 9 .1 7 8 10 1.22
V ehicle  D elay 6 5 8 7 7 8 9 10 9 8 .3 3 7 10 1 .58
E ngine D elay 7 6 8 8 7 8 9 9 9 8 .3 3 7 9 1 .05
A cceleration F eel 5 5 7 8 8 7 9 8 8 8 .0 0 7 9 1.39
J erk y n ess 6 7 10 8 9 8 9 10 9 8 .8 3 8 10 1 .3 3
P erform ance F eel 7 6 5 8 9 8 9 9 7 8 .3 3 7 9 1.42
Driveability 8 6 7 8 8 8 9 9 9 8 .5 0 8 9 1 .00
Num ber of drivers 1 2 3 4 5 6 7 8 9 9
Table A-14: Test Results Rover (Test 14)
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Rover T est 15 Sam Robin Richard Fred Lisa
1s* Pedal M o v /s 77.35 26.43 78.33 63.7 81.53
riena picks UP /  S 77 .45 26.57 78.45 63.88 81.65
Vvehicle PlCkS UP /  S 77.93 26.59 78.52 63.91 81.77
Time of peak aV8h /  s 78.43 27.67 79.41 64.8 82.68
Vveh inc. 2nd time /  s 78 .17 27.36 79.22 64.7 82.54 AVERAGE MIN MAX StandDev
Engine delay time / s 0.1 0.14 0.12 0.18 0.12 0.13 0.1 0.18 0.03
Vehicle delay time / s 0.58 0.16 0.19 0.21 0.24 0.28 0.16 0.58 0.17
Total vehicle delay / s 0.82 0.93 0.89 1 1.01 0.93 0.82 1.01 0.08
A V /g 0.125 0.151 0.116 0.12 0.128 0.13 0.116 0.151 0.01
T A V /g 0.125 0.21 0.2 0.172 0.228 0.19 0.125 0.228 0.04
Xpedal, initial /  % 24.46 26.44 7.4 14.76 8.97 16.41 7.4 26 .44 8.73
AXpedal, end /  % 76 73.56 92.33 84.95 89.44 83.26 73.56 92.33 8.22
AXpedal. initial /  (% /S ) 260.48 151.21 304.40 213.00 175.65 220.95 151.21 304 .4 62.26
Vehicle jerk /  (g/s) 0.48 0.49 0.13 1.2 0.91 0.64 0.13 1.2 0.42
Average jerk / (g/s) 0.48 0.19 0.22 0.19 0.25 0.27 0.19 0.48 0.12
An8naine. ini /  (rev/min/s) 2761 2815 3002.13 3567.86 2586.54 2946.43 2586.54 3567.86 377.69
Sm oothness 7 8 6 9 8 7.60 6 9
Vehicle Delay 8 6 5 7 6 6.40 5 8
Engine Delay 9 6 8 7 6 7.20 6 9
Acceleration Feel 8 7 8 8 7 7.60 7 8
Jerkyness 7 9 6 8 7 7.40 6 9
Performance Feel 8 8 9 9 7 8.20 7 9
Driveability 8 8 8 7 7 7.60 7 8
Number of drivers 1 2 3 4 5 5
Table A-15: Test Results Rover (Test 15)
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Ford T est 2 Paul Crampon Richard Adrian Jon
1st P edal M o v /s 6 8 .0 6 5 .9 4 3 .0 4 4 .4 12 .08
neng picks Up /  S 6 8 .1 6 6 .5 5 3 .49 5 .0 8 12 .45
Vvehicle piCkS Up /  S 68.61 6 .5 4 3 .5 5 4 .9 9 12 .72
T im e of peak  aveh / s 6 9 .0 5 7 .2 2 4 .0 7 5 .5 7 13 .34 M ean MIN MAX STAN-DEV
E ngine delay tim e /  s 0.1 0.61 0 .4 5 0 .6 8 0 .3 7 0 .4 4 0.1 0 .6 8 0 .2 3
V ehicle delay tim e /  s 0 .5 5 0 .6 0 0.51 0 .5 9 0 .6 4 0 .5 8 0.51 0 .6 4 0 .0 5
Tim e until peak  a c c  /  s 0 .4 4 0 .6 8 0 .5 2 0 .5 8 0 .6 2 0 .5 7 0 .4 4 0 .6 8 0 .0 9
Initial V A / g 0 .2 2 0 .2 3 0 .2 6 0 .2 5 0 .2 3 0 .2 4 0 .2 2 0 .2 6 0 .0 2
T A V /g 0 .2 6 0 .2 8 0 .2 8 0.31 0 .2 7 0 .2 8 0 .2 6 0.31 0 .0 2
Xpedal, initial /  % 0 .8 0 0 0 .2 7 0 0 .8 0 .46
AXpedal, end /  % 2 6 .8 8 5 8 .9 0 6 5 .9 0 6 2 .3 0 5 3 .5 0 2 6 .8 8 6 5 .9 17 .97
AXpedal, initial /  (% /s) 96 52 101 32 7 0 .4 9 3 2 .4 4 8 1 0 1 .3 8 33.61
V ehicle jerk /  (g /s) 0 .5 0 .3 4 0 .5 0 .4 3 0 .3 7 0 .4 3 0 .3 4 0 .5 0 .0 7
Anengine, ini /  (rev/m in/s) 1237 60 3 8 2 4 980 9 1 1 .0 6 6 0 2 .5 8 1237.1 26 6 .9 9
S m o o th n e ss 7 7 6 8 7 .0 0 6 8 0 .8 2
V eh icle  D elay 5 7 5 9 6 .5 0 5 9 1.91
E ngine D elay 8 7 5 8 7 .0 0 5 8 1.41
A cceleration F eel 6 8 7 8 7 .2 5 6 8 0 .9 6
Perform ance F eel 4 6 5 9 6 .0 0 4 9 2 .1 6
Driveability 6 7 5 9 6 .7 5 5 9 1.71
Num ber of drivers 1 2 3 4 5 6
Table A-16: Test Results Ford {Test 02)
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Ford T est 3 Don S a m T osh S tev e Paul Rich Jon Don
1st P edal M o v ./ s 12 .09 2 .5 2 2 .5 2 5 .2 8 3 9 .2 6 3 .6 7 3 .7 3 8 .3 3
rieng picks Up /  S 12 .56 2 .9 9 3.1 5 .9 3 3 9 .7 9 3 .7 8 4 .3 5 8 .7 8
Vvehicle piCkS Up /  S 12 .5 3 3.01 3 .0 3 5 .8 5 3 9 .7 6 4 .0 7 4 .0 3 8 .8 7
Tim e of peak  a veh /  s 13 .07 3 .4 8 3 .6 7 6 .6 7 4 0 .2 5 4 .7 7 9.51 Mean MIN MAX Stan D ev
E ngine delay tim e /  s 0 .4 7 0 .4 7 0 .5 8 0 .6 5 0 .5 3 0.11 0 .6 2 0 .2 5 0 .4 6 0.11 0 .6 5 0 .1 9
V ehicle delay tim e /  s 0 .4 4 0 .4 9 0.51 0 .5 7 0 .5 0 .4 0 .3 0 .5 4 0 .4 7 0 .3 0 .5 7 0 .0 9
Tim e until peak  a c c  /  s 0 .5 4 0 .4 7 0 .6 4 0 .8 2 0 .49 0 .7 4 0 .6 4 0 .6 2 0 .4 7 0 .8 2 0 .1 3
A V /g 0 .2 9 0 .2 2 0 .2 7 0 .2 5 0 .2 9 0 .2 6 0 .2 6 0 .2 6 0 .2 2 0 .2 9 0 .0 2
T A V /g 0.31 0 .2 6 0 .2 8 0 .2 9 0 .3 0.31 0 .3 0 .2 9 0 .2 6 0.31 0 .0 2
Xpedal,initial /  % 0 0 0 3 .7 0 0 .7 4 0 3 .7 1 .65
AXpedal, end /  % 7 8 .4 8 8 8 .5 3 68.01 7 4 .2 5 6 8 .2 5 6 6 .9 8 5 .7 5 7 5 .7 4 6 6 .9 8 8 .5 3 8 .8 3
AXpedal, initial /  (%/S) 49 83 89 43 49 7 8 53 6 3 .4 5 4 2 .9 2 8 9 .4 9 1 9 .1 5
V ehicle jerk /  (g /s) 0 .5 4 0 .4 7 0 .4 2 0 .4 4 0 .69 0 .3 5 0.41 0 .4 7 0 .3 5 0 .6 9 0.11
Anengine, ini /  (rev/m in/s) 110 2 8 3 6 632 649 1378 8 5 7 94 9 9 1 4 .8 4 6 3 2 .4 1378 2 6 1 .4 5
S m o o th n e ss 8 6 7 8 7 9 7 7 .4 3 6 9 0 .9 8
V ehicle  D elay 6 5 6 7 6 8 6 6 .2 9 5 8 0 .9 5
E ngine D elay 6 6 6 7 7 7 6 6 .4 3 6 7 0 .5 3
Acceleration F eel 8 6 6 8 7 7 8 7 .1 4 6 8 0 .9 0
Perform ance F eel 7 4 5 8 7 8 7 6 .5 7 4 8 1.51
Driveability 8 5 6 9 7 8 8 7 .2 9 5 9 1 .38
Num ber of drivers 1 2 3 4 5 6 7 8 8
Table A-17: Test Results Ford (Test 03)
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Ford T est 4 Richard S am T osh S tev e Jon Don Volker
1st P edal M o v /s 3 .4 3.81 5 .6 8 4 .6 3 10.92 3 .7 5 6 .0 6
Deng p ic k s  Up /  S 3 .8 9 4 .2 2 6 .1 8 5 .0 8 11.51 4 .0 6 6 .4 5
Vvehicle picks Up /  S 3 .9 9 4.21 6 .16 5.1 11 .42 4.31 6 .6 2
T im e of peak  av8h/ s 4 .4 6 4 .8 5 6 .66 5 .62 12.01 4 .9 4 7 .2 3 M ean MIN MAX
E ngine delay tim e /  s 0 .4 9 0.41 0 .5 0 .4 5 0 .5 9 0.31 0 .3 9 0 .4 5 0.31 0 .5 9 0 .0 9
V ehicle delay tim e /  s 0 .5 9 0 .4 0 .4 8 0 .4 7 0 .5 0 .5 6 0 .5 6 0.51 0 .4 0 .5 9 0 .0 7
Tim e until peak  a c c  /  s 0 .4 7 0 .6 4 0 .5 0 .5 2 0 .5 9 0 .6 3 0.61 0 .5 7 0 .4 7 0 .6 4 0 .0 7
A V /g 0 .2 6 0 .2 6 0 .2 3 0 .2 5 0 .2 9 0 .2 5 0 .2 5 0 .2 6 0 .2 3 0 .2 9 0 .0 2
T A V /g 0 .3 0 .3 0 .2 9 0 .3 0.31 0.31 0 .3 3 0.31 0 .2 9 0 .3 3 0.01
Xpedal, initial /  % 0 0 0 0 0 0 0 0 .0 0 0 0 0 .0 0
AXpedal, end /  % 97 9 8 .5 3 9 9 .2 5 8 8 .0 2 93.1 9 4 .3 8 9 .8 9 4 .2 8 8 8 9 9 .3 4 .3 0
AXpedal, initial /  (%/S) 147 3 6 5 2 9 2 77 153 58 160 17 8 .7 8 5 7 .5 3 6 5 # # # #
V ehicle jerk /  (g/s) 0 .5 5 0.41 0 .4 6 0 .4 8 0 .4 9 0 .4 0.41 0 .4 6 0 .4 0 .5 5 0 .0 6
Anengine, ini /  (rev/m in/s) 916 9 9 7 9 5 7 992 1057 5 7 7 1 036 9 3 3 .1 3 5 7 7 1057 # # # #
S m o o th n e ss 4 8 7 8 7 7 8 7 .0 0 4 8 1.41
V ehicle D elay 2 6 6 7 7 6 5 5 .5 7 2 7 1.72
E ngine D elay 4 7 5 7 6 7 7 6 .1 4 4 7 1.21
A cceleration F eel 5 6 6 8 8 8 9 7 .1 4 5 9 1 .46
P erform ance F eel 7 5 5 8 6 8 9 6 .8 6 5 9 1 .57
Driveability 6 7 6 9 8 8 8 7 .4 3 6 9 1 .13
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-18: Test Results Ford (Test 04)
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Ford T est 8 T osh S te v e Paul Cramp Adrian Jon Don
1st P edal M o v /s 11 .6 4 7 .1 8 8 1 .7 3 51 .8 8 14 .35 2 .6 7 1 6 .1 3
riena Picks Up /  S 12 .09 7 .6 5 8 2 .1 6 5 2 .42 14 .86 3 .0 6 16 .5 9
Vvehicle PiCkS UP /  S 12 .02 7 .6 2 8 2 .0 8 52 .3 4 14 .66 3 16 .5 6
T im e of peak  aveh /  s 12 .89 8 .5 9 8 3 .0 9 53 .2 5 16 4.01 17 .8 2 M ean MIN MAX
E ngine delay tim e /  s 0 .4 5 0 .4 7 0 .4 3 0 .5 4 0.51 0 .3 9 0 .4 6 0 .4 6 0 .3 9 0 .5 4 0 .0 5
V ehicle delay tim e /  s 0 .3 8 0 .4 4 0 .3 5 0 .4 6 0.31 0 .3 3 0 .4 3 0 .3 9 0.31 0 .4 6 0 .0 6
Tim e until peak  a c c  /  s 0 .8 7 0 .9 7 1.01 0.91 1.34 1.01 1.26 1 .05 0 .8 7 1 .34 0 .1 8
A V /g 0 .2 6 0 .2 4 0 .2 2 0 .2 6 0 .2 7 4 0 .1 8 0 .2 6 0 .2 4 0 .1 8 0 .2 7 0 .0 3
T A V /g 0 .2 6 0 .2 4 0 .2 2 0 .2 6 0 .2 7 4 0 .2 0 .2 6 0 .2 4 0 .2 0 .2 7 0 .0 3
Xpedal, initial /  % 7.61 5 .3 3 17.9 1 .90 3 .04 13 .9 1.9 7 .3 7 1 .9 17.9 6 .2 8
AXpedal, end /  % 61 .1 6 4 9 .1 7 5 3 .7 3 49 .7 2 7 4 .3 4 4 .6 70.1 5 7 .5 4 4 4 .6 7 4 .3 # # #
AXpedal, initial /  (% /s) 136 140 137 97 146 7 5 103 1 1 9 .2 0 7 5 .4 146 # # #
V ehicle je r k /(g /s ) 0 .3 0 0 .2 5 0 .2 2 0 .2 8 0 .2 0 0 .1 8 0.21 0 .2 3 0 .1 8 0 .3 0 .0 5
A verage JV /  (g/s) 0 .3 0 .2 5 0 .2 2 0 .2 8 0 .2 0 0 .1 8 0.21 0 .2 3 0 .1 8 0 .3 0 .0 4
Anenoine. ini /  (rev/m in/s) 1802 1584 1298 1324 1681 1 110 1 255 1 4 3 6 .2 7 1 1 1 0 1802 # # #
S m o o th n e ss 7 9 7 7 7 8 7 7 .4 3 7 9 0 .7 9
V ehicle  D elay 7 9 5 7 5 7 7 6.71 5 9 1.38
E ngine Delay 5 9 5 9 5 7 8 6 .8 6 5 9 1.86
Acceleration F eel 6 8 6 7 6 8 8 7 .0 0 6 8 1.00
Perform ance F eel 6 8 5 7 5 7 9 6.71 5 9 1.50
Driveability 6 9 7 8 6 8 9 7 .5 7 6 9 1.27
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-19: Test Results Ford (Test 08)
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Ford T est 9 Richard S a m T osh S tev e Paul Cram Adrian Jon Don
1st P edal Mov. / s 9 .4 6 3 .6 2 0 .8 8 1 9 .19 2 .9 4 5 2 .0 5 13 .37 3 .3 6 10 .6 7
rieng picks up /  s 9 .9 8 3 .9 9 2 1 .3 7 19 .7 4 3.51 5 2 .5 0 13 .8 3 .7 8 1 1 .1 4
Vvehicle p icks Up /  S 9.81 4 2 1 .1 9 1 9 .5 5 3 .4 5 2 .4 3 13 .59 3 .7 3 1 1 .0 3
Tim e of peak  av0h /  s 1 1 .3 7 5 .5 8 2 2 .8 2 0 .9 8 4 .4 5 3 .9 3 15 .35 5 .2 5 1 2 .8 3 M ean MIN MAX
E ngine delay tim e /  s 0 .5 2 0 .3 9 0 .4 9 0 .5 5 0 .5 7 0 .4 5 0 .4 3 0 .4 2 0 .4 7 0 .4 8 0 .3 9 0 .5 7 0 .0 6
V ehicle delay tim e /  s 0 .3 5 0 .4 0.31 0 .3 6 0 .4 6 0 .3 8 0 .2 2 0 .3 7 0 .3 6 0 .3 6 0 .2 2 0 .4 6 0 .0 7
Tim e until peak  a c c  /  s 1 .56 1 .58 1.61 1.43 1 1.5 1.76 1.52 1.8 1 .5 3 1 1.8 0 .2 3
A V /g 0.31 0 .2 7 0 .2 9 0.31 0.31 0 .2 8 0 .2 2 0 .2 8 0 .2 9 0 .2 8 0 .2 2 0.31 0 .0 3
T A V /g 0.31 0 .2 8 0 .2 9 0.31 0.31 0 .2 8 0 .2 2 0 .2 8 0 .2 9 0 .2 9 0 .2 2 0.31 0 .0 3
Xpedal, initial /  % 0 13.9 12 .19 3 .0 4 8 .7 6 7 .6 0 2 0 .1 9 9 .9 1 3 .3 3 9 .8 8 0 2 0 .1 9 6 .0 3
AXpedal, end /  % 96 8 4 .5 9 8 3 .4 4 8 8 .5 6 8 7 .2 4 8 8 .4 0 7 6 .5 9 83.1 7 5 .4 4 8 4 .8 2 7 5 .4 4 96 6.31
AXpedal, initial /  (% /S) 137 2 9 2 30 9 145 66 3 4 3 2 0 7 361 99 2 1 7 .7 5 6 5 .8 1 8 2 3 6 1 .3 0 4 1 1 1 .34
V ehicle jerk /  (g/s) 0 .2 0 0 .1 7 0 .1 8 0 .2 2 0.31 0 .1 9 0 .1 3 0 .1 8 0 .1 6 0 .1 9 0 .1 2 5 0.31 0 .0 5
A verage JV /  (g/s) 0 .2 0 .1 7 0 .1 8 0 .2 2 0.31 0 .1 9 0 .1 3 0 .1 8 0 .1 6 0 .1 9 0 .1 3 0 .31 0 .0 5
Anenaine. ini /  (rev/m in/s) 2431 2 0 0 8 2 1 7 3 2 6 0 6 2 1 8 3 1900 1880 1727 130 3 2023 .31 1302 .6 2 6 0 5 .8 3 8 6 .6 7
S m o o th n e ss 7 7 7 9 7 5 5 8 8 7 .0 0 5 9 1 .32
V ehicle D elay 6 6 5 7 5 6 5 7 7 6 .0 0 5 7 0 .8 7
E ngine D elay 6 7 5 7 5 5 5 8 8 6 .2 2 5 8 1 .30
A cceleration F eel 5 7 7 8 6 5 6 8 9 6 .7 8 5 9 1 .39
Perform ance F eel 4 7 5 9 5 5 4 7 9 6.11 4 9 1 .96
Driveability 5 7 6 9 7 5 5 8 9 6 .7 8 5 9 1 .64
Num ber of drivers 1 2 3 4 5 6 7 8 9 9
Table A-20: Test Results Ford (Test 09)
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Ford T est 11 S a m S tev e Paul Richard Adrian Jon Don
1st P ed al M o v ./ s 1 .88 11 .82 3 0 .5 6 43.21 19 .79 5 .2 6 13 1 .59
n ena p ic k s  UP /  S 2 .3 2 12 .02 31 4 3 .4 5 2 0 .0 2 5 .5 6 132.01
Vvehicle P>CkS UP /  S 2 .3 8 12 .14 3 1 .0 2 4 3 .5 5 2 0 .6 9 5 .6 4 13 2 .19
Tim e of peak  a veh /  s 4 .5 6 14 .44 3 3 .1 4 46 .1 4 2 2 .8 6 7 .6 7 13 4 .1 2
Vveh inc, 2 nd tim e /  s 4 .2 2 13 .94 3 2 .9 8 46 2 2 .2 3 7 .5 5 13 3 .8 5 M ean MIN MAX Stan D ev
Engine delay tim e /  s 0 .4 4 0 .2 0 .4 4 0 .2 4 0 .2 3 0 .3 0 .4 2 0 .3 2 0 .2 0 .4 4 0.11
V ehicle delay tim e /  s 0 .5 0 .3 2 0 .4 6 0 .3 4 0 .9 0 .3 8 0 .6 0 .5 0 0 .3 2 0 .9 0 .2 0
Tim e until peak  a c c / s 2 .1 8 2 .3 2 .1 2 2 .5 9 2 .1 7 2 .0 3 1 .93 2 .1 9 1 .93 2 .5 9 0.21
Total veh icle  delay  /  s 2 .3 4 2 .1 2 2 .4 2 2 .7 9 2 .4 4 2 .2 9 2 .26 2 .3 8 2 .1 2 2 .7 9 0.21
A V /g 0 .1 2 0.11 0.11 0 .0 9 0 .09 0 .0 9 0.1 0 .1 0 0 .0 9 0 .1 2 0.01
T A V /g 0 .2 5 0 .2 0 .2 4 0.11 0 .1 6 0 .1 6 0 .1 9 0 .1 9 0.11 0 .2 5 0 .0 5
Xpedal, initial /  % 3 .0 4 14 .47 0 .7 5 2 4 .7 6 2 4 .7 6 17.9 5 .9 13 .08 0 .7 5 2 4 .8 10 .02
AXpedal, end /  % 8 2 .4 5 7 .1 4 85 61 .7 3 6 1 .1 6 7 0 7 7 .7 7 0 .7 3 57.1 8 5 1 1 .1 5
AXpedal. initial /  (°/o/S) 198 63 60 191 100 101 108 117.31 59 .6 198 56 .1 2
V ehicle jerk /  (g/s) 0 .3 6 0 .2 2 0 .6 9 0 .6 4 0 .1 4 0 .7 5 0 .3 7 0 .4 5 0 .1 4 0 .7 5 0 .2 4
A verage JV /  (g/s) 0 .11 0 .0 9 0.11 0 .0 4 0 .0 7 0 .0 8 0 .1 0 0 .0 9 0 .0 4 0.11 0 .0 3
Anenaine, ini /  (rev/m in/s) 2 0 7 6 1 190 2 3 5 5 2 0 0 9 1334 1210 1660 1 6 9 0 .8 5 1 1 9 0 2 3 5 5 4 6 5 .5 9
S m o o th n e ss 6 9 7 8 5 4 8 6.71 4 9 1.80
V ehicle  D elay 7 7 5 6 5 5 6 5 .8 6 5 7 0 .9 0
E ngine D elay 8 7 5 7 5 5 7 6 .2 9 5 8 1.25
A cceleration F eel 7 8 6 8 4 6 7 6 .5 7 4 8 1.40
Perform ance F eel 6 8 5 7 4 5 7 6 .0 0 4 8 1.41
Driveability 7 8 7 7 5 5 8 6.71 5 8 1 .25
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-21: Test Results Ford {Test 11)
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Ford T est 13 Richard S am Paul Richard Adrian Don Volker
1st P edal M o v ./ s 7 .8 1 .6 8 4 .1 9 1.86 12 .18 1 1 .24 1 1 .6 5
riena p ic k s  UP /  S 8 .1 9 1 .98 4.41 2 .2 4 12.4 11 .47 11 .82
Vvehicle picks UP/  S 8 .3 4 2 .1 4 4 .7 6 2 .3 12.91 11 .85 12 .02
Tim e of p eak  av0h/ s 10 .6 5 4 .5 4 7 .1 5 4 .7 3 15 .13 14 .26 14.41
Vveh inc. 2 nd tim e /  s 10 .37 4 .2 8 6 .86 4 .3 7 14 .78 13 .82 14 .1 8 M ean MIN MAX Stan dD ev
E ngine delay tim e /  s 0 .3 9 0 .3 0 .2 2 0 .3 8 0 .2 2 0 .2 3 0 .1 7 0 .2 7 0 .1 7 0 .3 8 0 .0 7
V ehicle delay tim e /  s 0 .5 4 0 .4 6 0 .5 7 0 .4 4 0 .7 3 0.61 0 .3 7 0 .5 0 .3 7 0 .7 3 0 .1 3
Tim e until peak  a c c  /  s 0 .2 8 0 .2 6 0 .2 9 0 .3 6 0 .3 5 0 .4 4 0 .2 3 0 .3 2 0 .2 3 0 .4 4 0 .0 8
Total veh icle  delay /  s 2 .5 7 2 .6 2 .6 7 2.51 2 .6 2 .5 8 2 .5 3 2 .5 8 2.51 2 .6 7 0 .0 6
A V /g 0 .1 4 0 .1 2 0 .1 3 0 .1 6 0.11 0 .1 2 0 .1 3 0 .1 3 0.11 0 .1 6 0 .0 2
T A V /g 0 .2 6 0 .2 2 0 .2 2 0 .2 3 3 0 .2 0 .2 2 0 .1 6 0 .2 2 0 .1 6 0 .2 6 0 .0 3
Xpedal, initial /  % 0 16 .75 20 13.9 5 .47 17.9 2 6 .5 14 .36 5 .47 2 6 .5 6 .96
AXpedal, end /  % 96 8 3 .3 8 0 7 4 .3 7 7 .7 4 7 8 .3 9 5 .6 3 83.61 7 4 .3 9 5 .6 7 .5 0
AXpedal, initial/ ( % /S ) 133 194 2 6 2 143 2 3 6 133 157 1 7 9 .6 6 133 26 2 5 2 .5 9
V ehicle je r k /(g /s ) 0 .5 0 0 .4 6 0 .4 5 0 .4 4 0.31 0 .2 7 0 .5 6 5 2 2 0 .4 3 0 .2 7 0 .5 7 0.11
A verage JV /  (g/s) 0 .11 0 .0 9 0 .0 9 0 .1 0 0 .0 9 0 .0 9 0 .0 7 0 .0 9 0 .0 7 0.1 0.01
Anenaine. ini /  (rev/m in/s) 1551 91 3 94 8 1190 1032 1053 8 4 2 1 0 7 5 .5 3 8 4 2 1 1 9 0 1 2 2 .47
S m o o th n e ss 7 6 6 8 4 6 8 6 .4 3 4 8 1.51
V ehicle D elay 5 4 5 6 4 6 5 5 .0 0 4 6 0 .8 9
E ngine D elay 6 4 5 7 4 6 6 5 .4 3 4 7 1.21
A cceleration F eel 5 7 6 8 5 7 9 6.71 5 9 1.41
Perform ance F eel 4 4 5 6 4 7 6 5 .1 4 4 7 1.21
Driveability 5 4 7 7 4 7 8 6 .0 0 4 8 1.72
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-22: Test Results Ford (Test 13)
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Ford T est 14 Paul Cram pon Richard Don Volker
1st P edal M o v ./s 2 .3 8 5 1 .0 0 4 0 .2 8 4 1 .2 9 3 5 .0 5
rieng picks UP /  S 2 .9 5 1 .4 6 4 0 .7 8 4 1 .4 7 3 5 .5
Vvehicle picks Up/ S 2 .9 5 1 .3 9 4 0 .7 5 4 1 .9 4 3 5 .5 9
Tim e of peak  a ven /  s 4 .4 8 5 2 .6 5 4 2 .1 6 4 2 .9 8 3 6 .4 8
Vveh inc, 2 nd tim e /  s M ean MIN MAX Stan dD ev
E ngine delay tim e /  s 0 .5 2 0 .4 6 0 .5 0 .1 8 0 .4 5 0 .4 2 0 .1 8 0 .5 2 0 .1 4
V ehicle delay tim e /  s 0 .5 2 0 .3 9 0 .4 7 0 .6 5 0 .5 4 0.51 0 .3 9 0 .6 5 0 .1 0
Total veh icle  delay  /  s 1 .5 8 1 .26 1.41 1.04 0 .8 9 1 .24 0 .8 9 1 .5 8 0 .2 8
0 .1 9 6 0 .1 5 0 .1 7 0 .12 0 .1 6 0 .1 6 0 .1 2 0 .1 9 6 0 .0 3
T A V /g 0 .1 9 6 0 .1 5 0 .1 7 0 .12 0 .1 6 0 .1 6 0 .1 2 0 .1 9 6 0 .0 3
Xpedal. initial /  % 10 7 .6 0 6 .4 7 2 5 .9 4 .1 8 1 0 .8 3 4 .1 8 2 5 .9 8 .6 8
A X p ed a l, end /  % 7 7 .1 6 6 0 .0 3 3 4 .2 9 5 6 .0 2 6 6 .3 5 8 .7 6 3 4 .2 9 7 7 .1 6 1 5 .84
AXpedal, initial/ (%/s) 67 131 9 0 158 126 1 1 4 .4 0 6 7 .0 9 6 1 5 8 .4 3 5 .8 7
V ehicle jerk / ( g /s ) 0 .1 2 0 .1 2 0 .1 2 0 .12 0 .1 8 0 .1 3 0 .1 1 5 4 0 .1 7 9 8 0 .0 3
A verage JV /  (g/s) 0 .1 2 0 .1 2 0 .1 2 0 .1 2 0 .1 8 0 .1 3 0 .1 2 0 .1 8 0 .0 3
Anengine, ini/ (rev/m in/s) 2 0 9 2 1931 2 3 6 8 1534 2 5 9 0 2 1 0 2 .9 0 1 5 33 .6 2 5 9 0 4 0 6 .6 4
S m o o th n e ss 7 3 8 7 9 6 .8 0 3 9 2 .2 8
V ehicle  D elay 6 3 7 6 6 5 .6 0 3 7 1.52
E ngine D elay 6 3 7 6 6 5 .6 0 3 7 1.52
A cceleration F eel 7 2 8 7 10 6 .8 0 2 10 2 .9 5
P erform ance F eel 6 3 7 8 6 6 .0 0 3 8 1.87
Driveability 7 3 8 8 8 6 .8 0 3 8 2 .1 7
Num ber of drivers 1 2 3 4 5 5
Table A-23: Test Results Ford (Test 14)
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Ford T est 15 Richard S te v e Paul Crampon Don
18'P e d a l M o v ./ s 3 .7 7 9 .5 5 2 8 .3 7 3 .0 4 13 .25
nena Picks up /  s 4 .0 2 9 .7 5 2 8 .8 4 73.41 1 3 .48
Vvohicle picks up /  S 3 .9 7 10 .12 2 8 .7 2 7 3 .5 2 1 3 .9
Tim e of p ea k  av0h /  s 6 .8 2 12 .6 8 3 1 .2 7 7 5 .9 3 16 .36
Vveh inc, 2 nd tim e /  s 6 .1 7 12 .0 7 3 0 .7 6 7 5 .5 3 15 .42 M ean MIN MAX S tan dD ev
Engine delay tim e /  s 0 .2 5 0 .2 0 .5 4 0 .3 7 0 .2 3 0 .3 2 0 .2 0 .5 4 0 .1 4
Vehicle delay tim e /  s 0 .2 0 .5 7 0 .4 2 0 .4 8 0 .6 5 0 .4 6 0 .2 0 .6 5 0 .1 7
Tim e until peak  a c c / s 0 .6 5 0.61 0.51 0 .4 0 .9 4 0 .6 2 0 .4 0 .9 4 0 .2 0
Total veh icle  delay/ s 2 .4 2 .52 2 .4 6 2 .4 9 2 .1 7 2.41 2 .1 7 2 .5 2 0 .1 4
A V /g 0 .1 4 0 .1 8 0 .1 7 0 .1 6 0 .1 4 0 .1 8 0 .0 2
T A V /g 0 .1 9 0 .2 2 0 .2 3 0.21 0 .1 9 0 .2 3 0 .0 2
Xpedal, initial /  % 18.5 22. 47 5 15.61 3 7 .3 3 0 .0 6 0 0 .0 9 5 4 4 13 .46
AXpedal, end /  % 3 8 .2 9 7 4 .6 95 7 4 .8 9 5 9 .5 6 8 .4 6 3 8 .2 9 95 2 1 .0 6
AXpedal. initial /  (%/S) 165 88 186 242 141
V ehicle jerk /  (g/s) 0 .2 3 0 .3 5 0 .4 2 0 .3 4 0 .2 2 9 5 1 0 .4 2 5 0 .1 0
A verage JV /  (g /s) 0 .0 7 0 .0 9 0 .1 0 0 .0 0 0 .0 6
Anenaine. ini /  (rev/m in/s) 1 538 1734 22 5 9 2 1 5 5 1471 1 8 3 1 .4 6 1470.51 2 2 5 9 .2 6 3 5 8 .3 9
S m o o th n e ss 8 9 7 5 7 7 .2 0 5 9 1.48
V ehicle D elay 4 7 5 4 6 5 .2 0 4 7 1.30
E ngine D elay 6 6 5 4 6 5 .4 0 4 6 0 .8 9
A cceleration F eel 4 8 6 5 7 6 .0 0 4 8 1 .58
Perform ance F eel 2 8 5 4 7 5 .2 0 2 8 2 .3 9
Driveability 5 7 7 4 7 6 .0 0 4 7 1.41
Num ber of drivers 1 2 3 4 5 5
Table A-24: Test Results Ford {Test 15)
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Vauxhall T est 2 Chris Paul Robin Crampon Hugh
1st P edal M o v /s 2 .0 3 1 1 .1 3 5 .2 2 3 9 .5 5 6 9 .7 7
riena P i c k s  UP /  S 2 .3 3 1 1 .4 5 5 .5 0 3 9 .9 7 7 0 .0 3
Vvehicle p i c k s  UP /  S 2 .2 7 11 .4 6 5 .46 39.91 6 9 .9 9
T im e of peak  aV0h /  s 3 .1 7 1 2 .4 7 6 .3 5 4 0 .6 9 7 0 .3 9 Mean MIN MAX S tan dD ev
E ngine delay tim e /  s 0 .3 0 0 .3 2 0 .2 8 0 .4 2 0 .2 6 0 .3 2 0 .2 6 0 .4 2 0 .0 6
V ehicle delay tim e /  s 0 .2 4 0 .3 3 0 .2 4 0 .3 6 0 .2 2 0 .2 8 0 .2 2 0 .3 6 0 .0 6
T im e until peak  a c c / s 0 .9 0 1.01 0 .8 9 0 .7 8 0 .4 0 0 .8 0 0 .4 0 1.01 0 .2 4
A V /g 0 .2 5 0 .2 0 0 .2 4 0 .2 9 0 .2 0 0 .2 4 0 .2 0 0 .2 9 0 .0 4
T A V /g 0 .2 5 0 .2 9 0 .2 5 0 .2 9 0 .2 4 0 .2 6 0 .2 4 0 .2 9 0 .0 3
Tim e of acceleration  /  s 9 .2 2 .7 5 2 .7 4 4.51
AXoedal. end /  % 4 0 .0 6 5 5 .4 3 4 4 .0 7 5 3 .2 5 4 8 .2 0 4 0 .0 6 5 5 .4 3 7 .3 3
AXoedal. initial /  (%/S) 8 9 .0 2 5 4 .8 8 5 0 .8 3 6 4 .1 6 6 4 .7 2 5 0 .8 3 8 9 .0 2 17 .1 3
V ehicle je r k /(g /s ) 0 .3 6 0 .1 9 7 0 .2 7 0 .3 7 0 .5 0 .3 4 0 .2 0 0 .5 0 0.11
Anenaine, ini /  (rev/m in/s) 2 0 6 6 .6 7 2 1 0 7 .6 9 1 704 .26 1 8 8 4 .9 3 1661.11 2 1 0 7 .6 9 2 3 4 .8 0
S m o o th n e ss 8 9 7 8 8 8 .0 0 7 .0 0 9 .0 0 0.71
V ehicle D elay 8 9 10 8 7 8 .4 0 7 .0 0 1 0 .0 0 1 .14
E ngine D elay 8 9 9 8 7 8 .2 0 7 .0 0 9 .0 0 0 .8 4
A cceleration F eel 7 7 9 7 7 7 .4 0 7 .0 0 9 .0 0 0 .8 9
J erk y n ess 7 9 9 8 7 8 .0 0 7 .0 0 9 .0 0 1.00
Driveability 8 9 9 8 7 8 .2 0 7 .0 0 9 .0 0 0 .8 4
Num ber of drivers 1 2 3 4 5 5
Table A-25: Test Results Vauxhall (Test 2)
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Vauxhall T est 3 B em d Jon Robin Crampon
1st P edal M o v /s 4 .0 9 12 .40 11 .06 0 .9 8
riena picks Up /  S 4 .2 6 12 .70 11 .34 1 .28
Vvehide picks UP /  S 4 .3 2 12 .67 11.31 1 .19
Tim e of p eak  aveh / s 4 .9 4 13 .10 11 .72 1 .67 AVERAGE MIN MAX Stan D ev
E ngine delay tim e /  s 0 .1 7 0 .3 0 0 .2 8 0 .3 0 0 .2 6 0 .1 7 0 .3 0 0 .0 6
V ehicle delay tim e /  s 0 .2 3 0 .2 7 0 .2 5 0.21 0 .2 4 0.21 0 .2 7 0 .0 3
Tim e until peak  a c c  /  s 0 .6 2 0 .4 3 0.41 0 .4 8 0 .4 9 0.41 0 .6 2 0 .0 9
A V /g 0 .3 0 0 .2 6 0.21 0 .2 7 0 .2 6 0.21 0 .3 0 0 .0 4
T A V /g 0 .3 2 0.31 0 .2 8 0 .3 2 0.31 0 .2 8 0 .3 2 0 .0 2
A X p e d a l ,  e n d  /  % 7 4 .3 3 7 1 .1 0 5 9 .3 9 65.21 67.51 5 9 .3 9 7 4 .3 3 6 .6 0
AXpedal, initial /  (% /s) 2 0 0 .8 9 64.01 8 4 .8 4 73 .1 2 1 0 5 .7 2 64.01 2 0 0 .8 9 64 .0 2
V ehicle jerk /  (g /s) 0 .4 8 0 .6 0 0.51 0 .5 6 0 .5 4 0 .4 8 0 .6 0 0 .0 5
Xpedal, Initial /  % 0 .3 6
Anename. ini /  (rev/m in/s) 2 2 8 4 .7 8 2 8 8 5 .1 9 2 2 9 6 .8 8 2 8 2 0 .0 0 257 1 .7 1 2 2 8 5 2 8 8 5 .2 3 2 5 .4 6
S m o o th n e ss 8 7 7 .5 8 7 .6 3 7 8 0 .4 8
V ehicle D elay 8 6 9 7 7 .5 0 6 9 1.29
E ngine D elay 9 7 8 8 8 .0 0 7 9 0 .8 2
A cceleration F eel 8 6 8 8 7 .5 0 6 8 1 .00
Jerk y n ess 9 7 8 8 8 .0 0 7 9 0 .8 2
Driveability 8 6 8 8 7 .5 0 6 8 1 .00
Num ber of drivers 1 2 3 4 4
Table A-26: Test Results Vauxhall (Test 3)
University o f  Bath Page A-29
Appendix C Excel data files of the subjective and objective results
Vauxhall T est 4 Volker Chris Bernd Paul Jon Robin Cram pon Richard
1st P edal M o v /s 3 .1 8 15 .14 6.81 2 .9 0 10.41 10.20 4.11 2 3 .3 8
riena picks UP / S 3 .4 2 15 .3 5 7 .0 8 3 .2 0 10 .6 3 10 .44 4 .3 5 23 .61
Vvehide PiCkS UP /  S 3 .3 6 15 .35 7 .2 0 3 .1 7 10 .6 4 10 .46 4 .3 8 2 3 .6 9
Tim e of p ea k  aveh/ s 4 .4 4 16 .22 7 .9 5 4 .2 4 11 .57 10 .87 4 .71 2 4 .2 3 M ean MIN MAX Stan D ev
E ngine delay tim e /  s 0 .2 4 0 .21 0 .2 7 0 .3 0 0 .22 0 .2 4 0 .2 4 0 .2 3 0 .2 4 0.21 0 .3 0 0 .0 3
V ehicle delay tim e /  s 0 .1 8 0.21 0 .3 9 0 .2 7 0 .2 3 0 .2 6 0 .2 7 0.31 0 .2 7 0 .1 8 0 .3 9 0 .0 6
Tim e until peak  a c c  /  s 1 .08 0 .8 7 0 .7 5 1.07 0 .9 3 0.41 0 .3 3 0 .5 4 0 .7 5 0 .3 3 1 .08 0 .2 9
A V /g 0 .2 7 0 .3 5 0 .3 2 0.31 0.31 0 .3 0 0 .2 3 0 .2 5 0 .2 9 0 .2 3 0 .3 5 0 .0 4
T A V /g 0.31 0 .3 7 0 .3 2 0 .3 3 0 .3 3 0 .3 3 0 .3 0 0 .3 0 .3 2 0 .3 0 0 .3 7 0 .0 2
A X p ed a l, end /  % 9 5 .7 3 9 8 .4 4 9 6 .9 0 100 .4 3 9 7 .7 7 97 .0 2 9 3 .9 0 9 9 .3 2 9 7 .4 4 9 3 .9 0 10 0 .4 3 2 .0 5
AXpedal, initial /  (% /s) 187.71 2 7 3 .4 4 2 1 0 .6 5 132 .1 4 1 4 1 .70 131.11 17 3 .8 9 1 4 6 .06 1 7 4 .59 131.11 2 7 3 .4 4 4 9 .0 4
V ehicle jerk /  (g /s) 0 .2 5 0 .4 0 0 .4 3 0 .2 9 0 .3 3 0 .7 3 0 .7 0 .4 6 0 .4 5 0 .2 5 0 .7 3 0 .1 8
Anenoine, mi /  (rev/m in/s) 2 2 0 5 .1 3 2 3 4 7 .2 2 1543.21 2 6 8 2 .5 0 2 8 1 6 .6 7 18 5 7 .8 9 2 3 0 8 .7 4 1543.21 2 8 1 6 .6 7 4 7 5 .9 3
S m o o th n e ss 8 8 7 8 6 8 8 8 7 .6 3 6.00 8.00 0 .7 4
V eh icle  D elay 10 6 7 7 5 9 7 7 7 .2 5 5.00 10.00 1.58
E ngine D elay 10 6 8 8 4 9 7 7 7 .3 8 4 .0 0 10.00 1.85
A cceleration  F eel 7 7 7 7 5 9 8 7 7 .1 3 5 .0 0 9 .0 0 1 .13
P erfom ance F eel 10 7 6 8 6 9 8 8 7 .7 5 6.00 10.00 1.39
Driveability 8 7 7 9 6 9 8 8 7 .7 5 6.00 9 .0 0 1.04
Num ber of drivers 1 2 3 4 5 6 7 8 8
Table A-27: Test Results Vauxhall (Test 4)
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Vauxhall T est 8 Chris Bernd Paul Jon Robin Crampon T osh
181 P ed al M o v ./ s 1.21 12 .42 7 .8 8 11.82 2 3 .8 9 15 .38 4 .3 4
riena p ic k s  UP /  S 1 .39 12 .57 8 .0 6 12 .00 2 4 .0 9 15 .56 4 .5 5
Vvehide PiCkS UP /  S 1 .39 12 .5 8 8.11 12 .03 2 4 .1 2 15 .62 4 .5 5
Tim e of peak  aveh/ s 1 .9 3 13 .17 9 .2 0 12 .70 2 4 .6 8 16.01 5 .1 5 M ean MIN MAX Stan D ev
E ngine delay tim e /  s 0 .1 8 0 .1 5 0 .1 8 0 .1 8 0 .2 0 0 .1 8 0.21 0 .1 8 0 .1 5 0.21 0 .0 2
V ehicle delay tim e /  s 0 .1 8 0 .1 6 0 .2 3 0.21 0 .2 3 0 .2 4 0.21 0.21 0 .1 6 0 .2 4 0 .0 3
Tim e until peak  a c c  /  s 0 .5 4 0 .5 9 1.09 0 .6 7 0 .5 6 0 .3 9 0 .6 0 0 .6 3 0 .3 9 1 .09 0 .2 2
A V /g 0 .2 5 0 .2 4 0 .2 5 0 .1 2 0 .3 0 0 .2 2 0 .2 3 0 .2 3 0 .1 2 0 .3 0 0 .0 5
T A V /g 0 .2 5 0 .2 4 0.31 0 .2 0 0 .3 0 0 .2 2 0.31 0 .2 6 0 .2 0 0.31 0 .0 5
Xpedal, initial /  % 15 .8 5 19 .42 5 .3 2 2 0 .0 0 3 .4 3 20.41 0 .0 0 12 .06 0 .0 0 20 .41 8 .8 2
AXpedal, end /  % 6 0 .8 6 6 4 .5 8 6 2 .9 9 6 0 .3 2 8 3 .9 3 5 2 .0 5 6 6 .4 6 4 .4 5 5 2 .0 5 8 3 .9 3 9 .74
AXpedal, initial /  (% /s) 1 6 9 .06 3 2 9 .1 5 5 6 .7 5 6 8 .1 8 1 9 9 .83 108 .44 2 2 1 .3 3 1 6 4 .6 8 5 6 .7 5 3 2 9 .1 5 9 6 .3 0
V ehicle ierk /  (g/s) 0 .4 7 0.41 0 .5 0 0 .4 9 0 .5 4 0 .5 6 0 .8 5 0 .5 5 0.41 0 .8 5 0 .1 4
A verage JV /  (g/s) 0 .4 4 0.41 0 .5 0 0 .3 0 0 .5 4 0 .5 6 0 .5 2
Anenoine. im /  (rev/m in/s) 2 3 8 4 .5 5 2 0 2 4 .4 9 1 8 1 9 .0 5 1 744 .44 2 9 1 6 .6 7 1 9 2 7 .5 0 2 7 5 6 .6 7 2 2 2 4 .7 7 1 7 4 4 .4 4 2 9 1 6 .6 7 4 6 7 .4 3
S m o o th n e ss 9 8 9 8 7 7 7 7 .8 6 7 9 0 .9 0
V ehicle  D elay 9 8 8 7 9 8 7 8 .0 0 7 9 0 .8 2
E ngine Delay 9 9 7 8 9 8 5 7 .8 6 5 9 1 .46
A cceleration F eel 9 8 7 7 8 8 6 7 .5 7 6 9 0 .9 8
P erform ance F eel 9 8 8 8 8 8 6 7 .8 6 6 9 0 .9 0
Driveability 9 8 8 8 9 8 6 8 .0 0 6 9 1 .00
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-28: Test Results Vauxhall {Test 08)
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Vauxhall T e st 09 Volker Bernd Paul Robin Crampon T osh
1st P edal M o v ./s 1 .69 13 .09 5 .0 0 9 6 .1 5 4 .1 6 4 .9 6
flena picks UP/  S 1 .84 13 .3 3 5 .2 0 96 .3 4 4 .2 8 5 .1 4
Vvehide picks Up/ S 1 .78 13 .46 5 .4 0 96 .3 6 4 .3 4 5.11
Tim e of p e a k a v e h /s 2 .2 9 13 .79 5.81 97 .0 6 4 .6 4 5 .6 8 M ean MIN MAX Stan Dev
E ngine delay tim e /  s 0 .4 5 0 .2 4 0 .2 0 0 .1 9 0 .1 2 0 .1 8 0 .2 3 0 .1 2 0 .4 5 0.11
V ehicle delay tim e /  s 0 .2 7 0 .3 7 0 .4 0 0.21 0 .1 8 0 .1 5 0 .2 6 0 .1 5 0 .4 0 0 .1 0
Tim e until peak  a c c  /  s 0.51 0 .3 3 0 .41 0 .7 0 0 .3 0 0 .5 7 0 .4 7 0 .3 0 0 .7 0 0 .1 5
0 .21 0 .2 8 0 .3 2 0 .2 2 0 .2 6 0 .3 4 0 .2 7 0.21 0 .3 4 0 .0 5
T A V /g 0.21 0 .3 2 0 .3 2 0 .3 0 0 .2 6 0 .3 7 0 .3 0 0.21 0 .3 7 0 .0 6
Xpedal, initial /  % 3 3 .0 0 12.61 5 .8 4 2 2 .1 4 2 1 .6 0 1 .70 1 6 .1 5 1 .70 3 3 .0 0 11 .64
A X p ed a l, end /  % 7 5 .0 0 9 6 .3 9 9 7 .1 6 7 6 .3 8 7 8 .4 98 .51 8 6 .9 7 7 5 .0 0 98.51 11 .44
AXpedal. Initial /  (% /S) 1 7 3 .5 5 3 7 0 .7 3 170 .46 1 4 6 .88 3 2 6 .6 7 4 6 9 .1 0 2 7 6 .2 3 1 4 6 .8 8 4 6 9 .1 0 132.01
V ehicle jerk /  (g/s) 0 .8 5 0 .7 8 0 .8 5 0 .8 7 0 .6 0 0 .7 9 0 .6 0 0 .8 7 0.11
A verage JV /  (g /s) 0 .4 8 0 .7 8 0 .4 3 0 .8 7 0 .5 6 0 .6 2 0 .4 3 0 .8 7 0 .1 9
Anenaine, ini /  (r6V/min/s) 1 9 3 1 .4 8 3 1 7 9 .0 0 3 2 4 7 .2 2 166 3 .0 4 2 6 7 5 .0 0 2 3 6 2 .7 5 2 5 0 9 .7 5 1 6 6 3 .0 4 3 2 4 7 .2 2 6 4 6 .8 4
S m o o th n e ss 8 9 8 8 9 7 8 .1 7 7 9 0 .7 5
V eh icle  D elay 10 8 8 9 10 5 8 .3 3 5 10 1 .86
E ngine D elay 10 9 8 9 9 5 8 .3 3 5 10 1 .75
A cceleration F eel 9 8 7 8 10 7 8 .1 7 7 10 1 .17
P erform ance F eel 10 7 8 10 10 5 8 .3 3 5 10 2 .0 7
Driveability 9 8 8 9 10 6 8 .3 3 6 10 1 .37
N um ber of drivers 1 2 3 4 5 6 6
Table A-29: Test Results Vauxhall {Test 09)
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Vauxhall T est 11 Don Volker Jon Crampon
1* Pedal M o v /s 1 1 .2 4 7 .8 6 10 .32 2 .6 3
Ciena P ic k s  Up /  S 11 .3 6 8 .0 7 10 .49 2 .7 8
Vvehide PlCkS UP /  S 11 .3 6 8 .2 5 10 .60 2 .7 8
Tim e of p eak  aVe h /s 12 .5 9 9 .9 0 11 .94 4 .0 4
Vveh inc. 2 nd tim e /  s 12.41 9 .6 3 11 .44 3 .6 8 AVERAGE MIN MAX S tev D ev
E ngine delay tim e /  s 0 .1 2 0.21 0 .1 7 0 .1 5 0 .1 6 0 .1 2 0.21 0 .0 4
V ehicle delay tim e /  s 0 .1 2 0 .3 9 0 .2 8 0 .1 5 0 .2 4 0 .1 2 0 .3 9 0 .1 2
Tim e until peak  a c c  /  s 1 .23 1 .65 1.34 1 .26 1 .37 1 .23 1 .6 5 0 .1 9
Total veh icle  delay  /  s 1 .17 1 .77 1.12 1.05 1 .2 8 1 .05 1 .77 0 .3 3
A V /g 0 .1 2 0 .1 4 0 .0 9 0 .1 0 0 .11 0 .0 9 0 .1 4 0 .0 2
T A V /g 0 .1 2 0 .1 4 0.11 0 .1 2 0 .1 2 0.11 0 .1 4 0.01
Xpedal, initial /  % 3 2 .5 6 2 3 .1 8 2 6 .1 0 2 9 .7 0 2 7 .8 9 2 3 .1 8 3 2 .5 6 4 .1 0
AXpedal, end /  % 42.61 56 .8 2 66 .9 59 .6 5 6 .4 8 42 .61 6 6 .9 0 10 .18
AXpedal, initial/ (% /s) 14 0 .8 8 6 4 .7 0 8 0 .6 0 116 .86 1 0 0 .7 6 6 4 .7 0 1 4 0 .8 8 3 4 .5 2
V ehicle jerk / ( g /s ) 0 .6 7 0 .5 2 0 .1 8 0 .2 8 0 .41 0 .1 8 0 .6 7 0 .2 2
A verage JV /  (g /s) 0.11 0 .1 0 0 .0 8 0 .1 0 0 .1 0 0 .0 8 0.11 0.01
Anenaine. ini /  (rev/m in/s) 9 3 2 .0 5 6 7 0 .0 7 1065.31 185 1 .8 5 11 2 9 .8 2 6 7 0 .0 7 1 8 5 1 .8 5 50 8 .5 9
S m o o th n e ss 9 6 9 7 7 .7 5 6 9 1 .50
V ehicle D elay 9 9 7 5 7 .5 0 5 9 1.91
E ngine D elay 9 9 8 7 8 .2 5 7 9 0 .9 6
A cceleration F eel 9 8 6 5 7 .0 0 5 9 1 .83
P erform ance F eel 8 9 7 8 8 .0 0 7 9 0 .8 2
Driveability 9 7 7 6 7 .2 5 6 9 1.26
Num ber of drivers 1 2 3 4 4
Table A-30: Test Results Vauxhall {Test 11)
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Vauxhall T e st 13 Volker Chris B em d Paul Jon Robin Cram pon
1st P edal M o v /s 0 .8 5 3 .8 5 9 .12 21.41 2 .64 11 .59 6 .5 4
riena p ic k s  UP /  S 0 .9 7 3 .9 4 9 .2 4 2 1 .5 6 2 .8 2 11 .7 8 6 .6 6
Vvehide Picks UP /  S 0 .9 4 3.91 9 .2 8 2 1 .7 0 2 .8 7 11 .7 8 6 .6 9
T im e of p ea k  a Ve h / s 2 .1 7 5 .0 2 10 .36 2 2 .7 4 4 .0 8 13 .47 7 .8 6
Vveh inc. 2 nd tim e /  s 1.9 4.81 10 .1 4 2 2 .5 4 3 .7 7 13 .22 7 .5 3 M ean MIN MAX Stan D ev
E ngine delay tim e /  s 0 .1 2 0 .0 9 0 .1 2 0 .1 5 0 .1 8 0 .1 9 0 .1 2 0 .1 4 0 .0 9 0 .1 9 0 .0 4
V ehicle delay tim e /  s 0 .1 6 0 .2 3 0 .1 9 0 .1 5 0 .1 8 0 .1 5 0 .2 3 0 .0 4
Total veh icle  delay /  s 0 .9 6 0 .9 0 0 .8 6 0 .8 4 0 .9 0 1 .44 0 .8 4 0 .9 6 0 .8 4 1 .4 4 0.21
A V /g 0 .3 0 0 .3 0 0 .2 8 0 .2 6 0 .2 4 0 .2 8 0 .3 0 0 .2 8 0 .2 4 0 .3 0 0 .0 2
T A V /g 0 .3 0 0 .3 4 0.31 0 .3 0 0 .2 5 0 .2 8 0 .3 0 0 .3 0 0 .2 5 0 .3 4 0 .0 3
Xpedal. initial /  % 3 7 .1 6 3 8 .8 6 3 3 .5 8 2 1 .9 7 3 7 .9 4 2 6 .4 3 4 0 .0 7 3 3 .7 2 2 1 .9 7 4 0 .0 7 6 .92
A X p ed a l, end / % 7 0 .0 7 6 9 .1 4 7 6 .4 2 8 1 .0 3 6 2 .0 6 7 1 .5 7 5 9 .9 3 7 0 .0 3 5 9 .9 3 8 1 .0 3 7 .4 2
AXpedal. Initial /  (%/S) 14 5 .9 8 2 0 9 .5 2 3 0 5 .6 8 300.11 1 5 9 .13 108 .44 19 9 .77 2 0 4 .0 9 1 0 8 .4 4 3 0 5 .6 8 7 5 .4 3
V ehicle jerk /  (g /s) 1.11 1 .43 1.27 1 .30 0 .7 7 1 .12 0.91 1 .1 3 0.7*7 1 .4 3 0 .2 3
A verage JV /  (g /s) 0 .2 4 0.31 0 .2 9 0 .2 9 0.21 0 .1 7 0 .2 6 0 .2 5 0 .1 7 0 .31 0 .0 5
Anenoine, mi /  (rev/m in/s) 7 3 4 .9 6 2 0 0 6 .3 5 15 6 3 .2 7 187 2 .5 7 8 0 7 .8 4 1 2 0 5 .8 8 1 6 1 7 .3 3 1 4 0 1 .1 7 7 3 4 .9 5 9 2 0 0 6 .3 4 9 9 .2 4
S m o o th n e ss 7 7 8 6 8 6 4 6 .5 7 4 8 1 .40
V eh icle  D elay 6 6 7 6 9 7 4 6 .4 3 4 9 1.51
E ngine D elay 8 6 9 6 8 8 4 7 .0 0 4 9 1 .73
A cceleration F eel 8 8 7 7 8 7 4 7 .0 0 4 8 1.41
J erk y n ess 7 7 6 6 9 7 5 6.71 5 9 1 .25
Driveability 7 7 7 7 9 7 4 6 .8 6 4 9 1.46
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-31: Test Results Vauxhall {Test 13)
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Vauxhall T e st 14 Volker Chris Paul Ben
1st P edal M o v ./s 0 .7 9 5 .3 4 14 .66 5 .69
Deng p ic k s  UP / S 0 .9 7 5 .4 9 14 .84 5 .9 0
Vvehicle PiCkS U p/ S 0 .9 4 6 .3 0 14.91 5 .84
Tim e of p ea k  aveh/ s 1 .93 6 .6 0 16.11 6 .6 2
Vveh inc. 2 nd tim e /  s 1 .78 6 .0 9 15.91 6 .1 7 M ean MIN MAX Stan Dev
E ngine delay tim e /  s 0 .1 8 0 .1 5 0 .1 8 0.21 0 .1 8 0 .1 5 0.21 0 .0 2
V ehicle delay tim e /  s 0 .1 5 0 .9 6 0 .2 5 0 .1 5 0 .3 8 0 .1 5 0 .9 6 0 .3 9
Tim e until peak  a c c  /  s 0 .9 9 0 .3 0 1.20 0 .7 8 0 .8 2 0 .3 0 1 .20 0 .3 9
Total v eh icle  delay  /  s 0 .9 9 0 .7 5 1.25 0 .4 8 0 .8 7 0 .4 8 1 .25 0 .3 3
A V /g 0 .1 3 0 .1 3 0 .1 3 0 .0 8 0 .1 2 0 .0 8 0 .1 3 0 .0 3
T A V /g 0 .1 6 0 .1 5 0 .1 6 0 .1 0 0 .1 4 0 .1 0 0 .1 6 0 .0 3
Xpedal. Initial /  % 2 3 .0 0 4 5 .3 4 2 2 .6 6 16 .49 2 6 .8 7 1 6 .49 4 5 .3 4 12 .67
AXpedal, end / % 57 3 7 .3 6 7 9 .3 4 82.41 6 4 .0 3 3 7 .3 6 82.41 2 1 .0 8
AXpedal. In itia l /  (%/S) 8 5 .4 2 1 5 7 .8 5 1 1 3 .34 98.11 1 1 3 .6 8 8 5 .4 2 1 5 7 .8 5 3 1 .5 8
V ehicle jerk /  (g /s) 0 .8 7 0 .2 5 0 .6 5 0 .1 8 0 .4 9 0 .1 8 0 .8 7 0 .3 3
A verage JV /  (g /s) 0 .1 6 0 .5 0 0 .1 3 0 .1 3 0 .2 3 0 .1 3 0 .5 0 0 .1 8
Anenome. ini /  (rev/m in/s) 1 4 0 8 .3 3 1 4 6 0 .2 6 1 6 0 9 .4 3 8 5 7 .1 4 1 3 3 3 .7 9 8 5 7 .1 4 1 6 0 9 .4 3 3 2 9 .0 0
S m o o th n e ss 9 7 7 8 7 .7 5 7 9 0 .9 6
V eh icle  D elay 8 7 6 6 6 .7 5 6 8 0 .9 6
E ngine D elay 9 7 7 5 7 .0 0 5 9 1 .63
A cceleration F eel 6 8 6 5 6 .2 5 5 8 1.26
Jerk y n ess 6 7 7 8 7 .0 0 6 8 0 .8 2
Drrveability 8 8 7 6 7 .2 5 6 8 0 .9 6
Num ber of drivers 1 2 3 4 4
Table A-32: Test Results Vauxhall (Test 14)
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Vauxhall te s t  15 Don Volker Paul Jon Robin Cram pon
1st P edal M o v /s 7 .2 3 2 .4 8 6 .6 2 1 6 .83 5 4 .5 8 7 .4 2
Plena Picks UP /  S 7 .2 6 2 .5 7 6 .8 3 16 .99 5 4 .7 3 7 .6 0
Vvehide picks UP /  S 7 .3 2 2 .5 7 6 .8 9 17 .27 5 4 .7 5 7 .6 3
Tim e of p ea k  aveh/ s 8 .1 6 3 .3 8 7 .9 4 18 5 5 .7 2 8 .5
Vveh inc. 2 nd tim e /  s 7 .9 8 3 .1 4 7 .7 2 17.72 5 5 .5 3 8 .3 2 M ean MIN MAX S tan dD ev
E ngine delay tim e /  s 0 .0 3 0 .0 9 0.21 0 .1 6 0 .1 5 0 .1 8 0 .1 4 0 .0 3 0 .21 0 .0 7
V ehicle delay tim e /  s 0 .0 9 0 .0 9 0 .2 7 0 .4 4 0 .1 7 0.21 0.21 0 .0 9 0 .4 4 0 .1 3
Tim e until peak  a c c  /  s 0 .8 4 0.81 1 .05 0 .7 3 0 .9 7 0 .8 7 0 .8 8 0 .7 3 1 .0 5 0.11
Total veh icle  delay  /  s 0 .7 5 0 .6 6 1 .10 0 .8 9 0 .9 5 0 .9 0 0 .8 8 0 .6 6 1 .1 0 0 .1 5
A V /g 0 .1 3 0.11 0 .1 4 0 .1 0 0 .1 3 0 .1 4 0 .1 2 0 .1 0 0 .1 4 0 .0 2
T A V /g 0 .1 4 0 .1 4 0 .1 5 0 .1 6 0 .1 4 0 .1 6 0 .1 5 0 .1 4 0 .1 6 0.01
Xpedal, Initial /  % 2 7 .1 0 2 6 .9 3 2 7 .6 3 3 5 .1 8 3 4 .5 0 3 1 .3 3 3 0 .4 5 2 6 .9 3 3 5 .1 8 3 .7 7
AXpedal, end /  % 7 9 .6 7 8 .7 7 7 5 .3 7 61 .1 2 6 5 .5 6 8 .6 7 71 .51 6 1 .1 2 7 9 .6 0 7 .5 5
AXpedal, initial /  (%/s) 189 .52 2 0 1 .9 7 1 3 7 .0 4 135.82 13 3 .67 2 0 8 .0 9 16 7 .6 9 1 3 3 .6 7 2 0 8 .0 9 3 5 .7 7
V ehicle jerk /  (g /s) 0 .7 2 0 .4 6 0 .6 5 0 .3 6 0 .6 6 0 .7 8 0 .6 0 0 .3 6 0 .7 8 0 .1 6
A verage JV /  (g /s) 0 .1 7 0 .1 7 0 .1 4 0 .2 2 0 .1 4 0 .1 8 0 .1 7 0 .1 4 0 .2 2 0 .0 3
Anenoine. im /  (rev/m in/s) 2 3 0 3 .3 3 1 7 7 3 .0 2 1 7 0 6 .3 8 1 432 .76 157 3 .4 2 1 8 5 8 .3 3 1 7 7 4 .5 4 1 4 3 2 .8 2 3 0 3 .3 3 2 9 9 .5 2
S m o o th n e ss 9 8 6 8 7 7 7 .5 0 6 9 1 .05
V eh icle  D elay 9 7 6 6 8 6 7 .0 0 6 9 1 .26
E ngine D elay 8 7 6 7 7 6 6 .8 3 6 8 0 .7 5
A cceleration F eel 9 7 6 5 8 8 7 .1 7 5 9 1 .47
J erk y n ess 9 7 6 6 9 8 7 .5 0 6 9 1 .38
Driveability 9 8 7 6 8 7 7 .5 0 6 9 1 .05
Num ber of drivers 1 2 3 4 5 6 6
Table A-33: Test Results Vauxhall (Test 15)
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BMW T est 1 Don S a m Hugh Adam
1st P ed al M o v . / s 3 4 .1 3 4 .8 5 17.51 5 .4 0
Vvehide Picks UP /  S 3 4 .4 7 5 .2 8 17 .85 5 .89
T im e of p ea k  aveh /  s 35 .41 5 .7 7 18 .56 6 .6 8 M ean MIN MAX Stan D ev
V ehicle delay tim e /  s 0 .3 4 0 .4 3 0 .3 4 0 .4 9 0 .4 0 0 .3 4 0 .4 9 0 .0 7
T im e until peak  a c c  /  s 0 .9 4 0 .4 9 0.71 0 .7 9 0 .7 3 0 .4 9 0 .9 4 0 .1 9
A V /g 0 .0 9 0 .2 0 0 .1 8 0 .1 5 0 .1 5 0 .0 8 5 0 .2 0 .0 5
T A V /g 0 .0 9 0 .2 0 .1 8 0 .1 7 0 .1 6 0 .0 9 0 .2 0 .0 5
AXpedal, end /  % 4 1 .4 3 27.41 3 3 .9 2 3 4 .7 3 4 .3 7 27 .41 4 1 .4 3 5 .7 3
AXpedal, initial/ (% /s) 2 0 .3 5 46.41 4 9 .1 6 38 .5 6 3 8 .6 2 2 0 .3 5 4 9 .1 6 1 2 .98
V ehicle jerk /  (g /s) 0 .0 9 0.41 0 .2 5 0 .1 9 0 .2 4 0 .0 9 0 .4 0 8 0 .1 3
S m o o th n e ss 9 8 7 8 8 .4 0 7 10 1 .14
V eh icle  D elay 8 9 6 8 8 .2 0 6 10 1 .48
E ngine D elay 8 8 6 9 8 .2 0 6 10 1 .48
A cceleration F eel 9 7 7 7 8 .0 0 7 10 1.41
P erform ance F eel 9 7 7 8 7 .8 0 7 9 0 .8 4
Driveability 8 9 7 8 8 .2 0 7 9 0 .8 4
Num ber of drivers 1 2 3 4 4
Table A-34: Test Results BMW (Test 1)
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BMW T est 2 Chris Don S am Volker Adam
18t P ed al Mov. / s 1.81 14.22 7.63 6.66 9.69
Vvehide picks UP /  S 1 .88 14.50 8.23 7.10 10.17
Tim e of p ea k  aveh /  s 2.07 15.69 8.92 8.06 10.89 AVERAGE MIN MAX Stan D ev
V ehicle delay tim e /  s 0 .0 7 0 .2 8 0 .6 0 0 .4 4 0 .4 8 0 .3 7 0 .0 7 0 .6 0 .2 0
Tim e until peak  a c c  /  s 0.19 1.19 0.69 0.96 0.72 0.75 0.19 1.19 0.37
0 .2 4 0 .1 8 0 .1 8 0 .3 2 0 .2 6 0 .2 4 0 .1 8 0 .3 2 0 .0 6
T A V /g 0 .2 8 0 .2 3 0 .2 6 0 .3 2 0.31 0 .2 8 0 .2 3 0 .3 2 0 .0 4
AXpedal, end /  % 52.23 40.51 47.55 58.98 64.02 52.66 40.51 64.02 9.26
AXpodal, initial /  (% /s) 200.88 4 6 .2 8 5 8 .7 0 64.81 8 7 .7 0 9 1 .6 8 4 6 .2 8 2 0 0 .8 9 6 2 .8 7
V ehicle ierk /  (g /s) 1 .2 8 0 .1 5 0 .2 6 0 .3 3 0 .3 6 0 .4 8 0 .1 5 1 .2 8 0 .4 6
S m o o th n e ss 9 9 9 8 7 8.40 7 9 0.89
V ehicle D elay 8 8 9 9 9 8.60 8 9 0.55
E ngine D elay 8 8 9 9 8 8.40 8 9 0.55
A cceleration F eel 8 9 8 8 9 8.40 8 9 0.55
P erform ance F eel 8 9 7 7 9 8 .0 0 7 9 1.00
Driveability 8 9 9 8 9 8.60 8 9 0.55
Num ber of drivers 1 2 3 4 5 5
Table A-35: Test Results BMW {Test 2)
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BMW T est 3 Don Hugh Jon Robin Volker Steph Adam
1st P ed al M o v ./ s 5 .0 5 5 .6 4 4 .1 7 4 .9 3 5 .24 3 .5 3 5 .7 5
Vvehide Picks UP /  S 5 .4 0 5.91 4 .5 3 5.21 5 .5 8 3 .8 7 6 .0 9
Tim e of p ea k  a veh /  s 6 .3 5 6 .4 6 5 .2 8 5 .8 0 6 .19 4 .5 9 6.7 M ean MIN MAX Stan D ev
V ehicle delay tim e /  s 0 .3 5 0 .2 7 0 .3 6 0 .2 8 0 .3 4 0 .3 4 0 .3 4 0 .3 3 0 .2 7 0 .3 6 0 .0 4
Tim e until peak  a c c  /  s 0 .9 5 0 .5 5 0 .7 5 0 .5 9 0.61 0 .7 2 0.61 0 .6 8 0 .5 5 0 .9 5 0 .1 4
A V /g 0 .2 3 0 .3 4 0 .1 8 0 .2 7 0 .3 2 0 .3 2 0 .3 2 0 .2 8 0 .1 8 0 .3 4 0 .0 6
T A V /g 0 .2 8 0 .3 5 0 .2 8 0 .3 3 0 .3 7 0 .3 7 0 .3 6 0 .3 5 0 .2 7 7 0 .3 7 0 .0 4
AXoedal. end /% 6 7 .5 2 6 5 .6 7 8 1 .6 7 8 0 .5 9 8 2 .6 7 8 2 .2 8 8 0 .1 6 7 7 .2 2 6 5 .6 7 8 2 .6 7 7 .3 3
AXpedal. initial /  (%/s) 5 1 .0 7 156 .36 8 1 .0 2 113.51 130 .92 152.71 14 0 .6 3 1 1 8 .0 3 5 1 .0 7 1 5 6 .36 39 .21
V ehicle jerk /  (g/s) 0 .2 9 0 .6 4 0 .3 7 0 .5 5 0 .6 0 0.51 0 .5 9 0.51 0 .2 9 0 .6 4 0 .1 3
S m o o th n e ss 9 8 9 9 9 9 8 8.71 8 9 0 .4 9
V ehicle D elay 9 7 9 9 10 8 8 8 .5 7 7 10 0 .9 8
E ngine D elay 9 7 9 9 10 9 9 8 .8 6 7 10 0 .9 0
A cceleration F eel 8 8 8 8 9 9 8 8 .2 9 8 9 0 .4 9
P e  rf orm ance/Je rky n e s s 8 8 8 9 9 9 8 8 .4 3 8 9 0 .5 3
Driveability 9 7 8 10 9 9 8 .5 8 .6 4 7 10 0 .9 4
Num ber of drivers 1 2 3 4 5 6 7 7
Table A-36: Test Results BMW {Test 3)
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BMW T est 4 Chris Don S a m Hugh Jon Robin Volker Step 4 Bernd Adam Nick T osh
18t P ed al M o v . / s 5 .6 3 3 .7 6 2 2 .5 6 3 .9 7 10.31 14 .17 5 .19 3.31 4 .9 3 2 .9 2 3 .9 5 12 .27
Vvehide picks UP /  S 5 .8 5 4 .0 6 22 .7 6 4 .2 5 10 .52 14 .39 5.49 3 .5 8 5 .1 5 3 .1 5 4 .1 5 12 .5 8
Tim e of peak  a VOh /  s 6 .4 8 4 .8 5 2 3 .5 8 4.91 11.41 15 .17 6 .2 5 4 .2 0 5 .7 0 3 .7 8 4 .8 5 13 .1 8 M ean MIN MAX S tD ev
V ehicle delay tim e /  s 0 .2 2 0 .3 0 0 .2 0 0 .2 8 0.21 0 .2 2 0 .3 0 0 .2 7 0 .2 2 0 .2 3 0 .2 0 0.31 0 .2 5 0 .2 0.31 0 .0 4
Tim e until peak  a c c  /  s 0 .6 3 0 .7 9 0 .8 2 0 .6 6 0 .8 9 0 .7 8 0 .7 6 0 .6 2 0 .5 5 0 .6 3 0 .7 0 .6 0 .7 0 0 .5 5 0 .8 9 0 .1 0
A V /g 0 .3 8 0.41 0 .4 4 0 .3 7 0 .4 2 4 0 .2 9 0 .3 3 7 0 .3 2 0 .3 6 2 0 .3 6 0 .4 2 0 .3 4 0 .3 7 0 .2 9 0 .4 4 0 .0 5
T A V /g 0.41 0.41 0 .4 9 0 .4 3 0 .4 5 0 .4 7 0 .4 4 0 .4 4 0 .4 4 0 .4 5 0 .4 2 0 .4 4 0 .4 2 0 .4 1 2 0 .4 8 5 0 .0 2
AXpedal, end /  % 9 5 .3 2 8 4 .2 3 8 4 .7 6 8 2 .4 9 8 1 .0 0 7 9 .8 9 8 3 .0 2 8 0 .7 6 8 2 .8 4 7 9 .8 9 8 0 .1 6 8 1 .1 9 8 2 .9 6 7 9 .8 9 9 5 .3 2 4 .2 3
AXpedal, initial /  (% /s) 3 6 6 .6 2 150.41 3 8 5 .2 7 2 6 6 .1 0 2 8 9 .2 9 2 4 9 .6 6 156 .64 2 7 8 .4 8 4 8 7 .2 9 3 1 9 .5 6 276 .41 2 2 5 .5 3 2 8 7 .6 0 150.41 4 8 7 .2 9 9 4 .6 9
V ehicle ierk /  (g /s) 0 .5 6 0 .5 2 0 .6 0 0 .6 5 0.61 0.51 0.61 0 .6 5 0.81 0 .6 3 0 .5 7 0 .7 3 0 .6 2 0 .5 0 5 0 .8 0 7 0 .0 8
A verage ierk /  (g /s) 0 .6 5 0 .5 2 0 .5 9 0 .6 5 0 .51 0.61 0 .5 8 0.71 0.81 0 .7 2 0 .6 0 0 .7 3 0 .6 4
S m o o th n e ss 10 9 10 7 10 10 8 10 10 9 8 10 9 .2 5 7 10
V eh icle  D elay 10 9 9 9 9 9 7 10 10 8 6 9 8 .7 5 6 10
E ngine D elay 10 9 9 9 9 9 7 10 10 8 .5 7 10 8 .9 6 7 10
A cceleration F eel 9 10 9 8 9 10 9 10 10 9 6 10 9 .0 8 6 10
P erform ance F eel 9 9 8 8 10 10 8 10 10 9 7 10 9 .0 0 7 10
Driveability 10 9 9 8 10 10 8 10 10 8 .5 7 9 9 .0 4 7 10
N um ber of drivers 1 2 3 4 5 6 7 8 9 10 11 12 1 8 .0 0
Table A-37: Test Results BMW {Test 4)
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Appendix C Excel data files of the subjective and objective results
BMW T est 7 Chris S a m Jon Robin Adam Nick Rich Matt Cramp Ste Rich Al
1st P edal Mov. /  s 2 0 .3 8 2 1 3 .3 8 4 3 .0 0 29.71 1 2 .63 11.21 1 1 .78 11 .33 1 1 .8 2 1 1 .2 3 1 1 .7 8 13 .20
Vvehide picks UP /  S 20 .51 2 1 3 .4 3 43.21 2 9 .7 8 12 .98 11 .37 11.91 11 .62 1 1 .9 5 11 .39 1 1 .8 8 13 .27
Tim e of p ea k  aveh /  s 2 0 .9 7 2 1 3 .9 7 4 4 .7 3 0 .3 9 13 .56 12.01 1 2 .7 0 13 .67 M ean MIN MAX S tD ev
V ehicle delay tim e /  s 0 .1 3 0 .0 5 0.21 0 .0 7 0 .3 5 0 .1 6 0 .1 3 0 .2 9 0 .1 3 0 .1 6 0 .1 0 0 .0 7 0 .1 5 0 .0 5 0 .3 5 0 .0 9
Tim e until peak  a c c  /  s 0 .4 6 0 .5 4 1.49 0.61 0 .5 8 0 .6 4 0 .7 5 2 .2 8 0 .9 2 0 .4 6 2 .2 8 0 .6 4
A V /g 0 .0 8 0 .0 6 0 .0 9 0 .0 8 0 .1 2 0.11 0 .0 6 6 8 0 .1 3 0 .1 0 0 .0 8 0 .0 6 0.11 0 .0 9 0 .0 6 0 .1 3 4 0 .0 2
T A V /g 0 .0 8 0 .0 6 0 .1 2 0 .0 8 0 .1 2 0.11 0 .1 0 0 .1 2 0 .1 0 0 .0 6 0 .1 2 3 0 .0 2
AXpedal, end /  % 4 6 .2 8 2 6 .0 2 5 4 .2 2 4 0 .1 4 43.11 4 6 .1 5 3 3 .4 4 4 .6 4 4 1 .7 5 2 6 .0 2 5 4 .2 2 8 .6 6
AXpedal, initial /  (% /s) 1 3 2 .2 3 7 0 .3 2 5 0 .6 7 62 .7 4 4 6 .3 5 1 0 0 .33 5 3 .0 2 56.11 7 1 .4 7 4 6 .3 5 13 2 .2 3 2 9 .8 6
V ehicle ierk /  (g/s) 0 .1 8 0 .0 9 0 .0 8 0 .1 3 0 .1 5 0 .1 7 0.11 0 .2 9 0 .1 4 0 .0 4 0.11 0 .0 7 0 .1 3 0 .0 4 0 .2 9 0 .0 6
S m o o th n e ss 10 10 10 10 9 8 9 10 9 9 9 9 9 .29 8 10 0.61
V ehicle D elay 9 9 9 8 9 6 8 9 8 8 9 8 8 .3 6 6 9 0 .8 4
E ngine D elay 9 9 9 8 8 7 8 9 8 8 8 8 .5 8 .3 2 7 9 0.61
Acceleration F eel 8 9 9 8 9 7 9 8 .5 8 9 9 8 .5 8 .5 0 7 9 0 .6 2
Perform ance F eel 8 9 10 8 9 7 9 8 7 9 8 8 8 .2 9 7 10 0.91
Driveability 9 9 9 8 9 7 9 9 7 9 9 8 .5 8 .5 4 7 9 0 .7 5
Num ber of drivers 1 3 5 6 7 8 9 10 11 12 13 14 14
Table A-38: Test Results BMW {Test 7)
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Appendix C Excel data files of the subjective and objective results
BMW T est 8 Chris Don S am Hugh Jon R obs Volk Step Bern Ada Nick T osh Rich Matt Cr St Rich Alex
1st P ed al M o v ./ s 5.31 1 3 .8 13 .8 3 6 .6 3 4 .8 17 .4 4 1 .5 2 .5 4 14.4 3 2 .8 10 .3 11.5 11 .2 11 .5 12.1 1 1 7 11 .2 11 .9
Vvehicle picks UP /  S 5 .5 9 14 .4 13 .9 3 6 .9 35.1 1 7 .8 4 1 .9 2 .7 5 14.7 33.1 10 .4 11.6 11 .4 11 .7 1 2 .4 11.9
Tim e of peak  aven /  s 6 .1 2 15.1 14 .5 3 7 .5 3 5 .5 18 .6 43.1 15.6 34.1 11 .5 12.8 13 .5 M ea MIN MAX StD
V ehicle delay tim e /  s 0 .2 8 0 .5 6 0 .1 5 0 .2 9 0 .2 3 0 .4 4 0 .3 6 0.21 0 .2 9 0 .2 5 0 .1 5 0 .1 3 0 .2 3 0 .2 2 0.21 0.21 0 .2 6 0 .1 3 0 .5 6 0.11
Tim e until peak  a c c / s 0 .5 3 0.71 0 .4 7 0 .6 2 0 .4 8 0 .7 5 1.21 0 .8 9 1.05 1.11 1.24 1.66 0 .8 9 0 .4 7 1.66 0 .3 7
Total veh icle  delay  /  s 0 .2 8 0 .5 6 0 .1 5 0 .2 9 0 .2 3 0 .4 4 0 .3 6 0.21 0 .2 9 0 .2 5 0 .1 5 0 .1 3 0 .2 3 0 .2 2 0.21 0.21 0 .2 6 0 .1 3 0 .5 6 0.11
A V /g 0 .2 3 0 .3 0 0.21 0.21 0 .2 7 0 .2 4 0 .2 0 0 .1 9 0 .2 8 0 .2 4 0 .2 6 0 .1 8 0 .2 3 0 .1 4 0 .3 3 0 .1 8 0 .2 3 0 .1 7 0 .2 3 0 .1 4 0 .3 3 0 .0 5
T A V /g 0 .2 3 0 .3 0 0 .2 2 0.21 0 .2 7 0 .2 7 0 .2 6 0 .2 9 0 .2 4 0 .2 6 0 .2 3 0 .2 5 0 .2 5 0.21 0 .3 0 .0 3
AXpedal, end /  % 8 2 .4 7 4 .7 64.1 6 0 .0 64.1 77.1 6 4 .6 79 .6 57 .6 5 9 .4 54 .6 6 0 .5 6 6 .6 5 4 .6 8 2 .5 9 .4 0
AXpedal. Initial /  (%/S) 201 113 153 125 149 122 7 1 .8 2 1 0 96 2 4 7 20 2 122 151 7 1 .8 2 4 7 53
V ehicle ierk /  (g /s) 0.41 0.41 0 .3 5 0 .3 5 0 .5 0 0 .31 0.31 0 .3 2 0 .4 4 0 .2 7 0 .2 6 0 .3 6 0 .4 2 0 .1 7 0 .7 8 0 .3 3 0 .3 7 0 .2 8 0 .3 7 0 .1 7 0 .7 8 0 .1 3
S m o o th n e ss 10 9 9 7 9 10 9 10 10 9 9 10 9 10 9 9 8 .5 8 .5 9 .1 7 7 10 0 .7 7
V ehicle D elay 9 8 8 9 9 9 8 9 9 7 8 8 9 9 9 8 8 7 8 .3 9 7 9 0 .7 0
E ngine D elay 9 9 8 9 9 9 10 9 10 8 .5 8 10 9 9 9 8 8 7 .5 8 .8 3 7 .5 10 0 .7 3
Acceleration F eel 9 9 8 6 8 9 10 9 9 7 7 8 9 9 10 9 8 7 .5 8 .4 2 6 10 1.06
P erform ance F eel 8 9 8 7 8 9 10 9 10 8 .5 7 9 10 9 10 9 8 7 8 .6 4 7 10 1.03
Driveability 9 8 9 7 9 9 9 9 10 8 .5 7 8 9 9 10 10 8 7 .5 8 .6 7 7 10 0 .9 2
N um ber of drivers 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 18
Table A-39: Test Results BMW {Test 8)
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Appendix C Excel data files of the subjective and objective results
BMW T est 0 9 Chris Don S a m Hugh Jon Ro Vo St Be Ada Nick T osh Rich Cram S tep Rich
1st P ed al Mov. / s 10 .7 2 6 .2 9 11 .5 4 2 8 .8 5 66.91 10 .19 13 .7 8 2 .4 7 4 8 .6 5 2 8 .1 9 9 4 .7 0 11 .55 11.22 12.20 1 1 .9 8 11.22
Vvehicle PiCkS UP /  S 1 0 .9 6 6.51 11 .7 4 2 9 .0 5 6 7 .1 3 10 .45 14 .10 2.66 4 8 .8 2 2 8 .3 6 9 4 .8 7 11 .7 8 1 1 .4 3 12.41 12 .26 11 .4 3
T im e of p ea k  aven /  s 11 .6 9 7 .2 4 1 2 .2 4 2 9 .5 7 6 7 .8 2 1 1 .2 5 15 .04 4 9 .2 4 2 9 .0 3 9 5 .2 3 12 .2 8 1 3 .24 13 .2 4 Av Min Max S tD e
V ehicle delay tim e /  s 0 .2 4 0 .2 2 0 .2 0 0 .2 0 0 .2 2 0 .26 0 .3 2 0 .19 0 .1 7 0 .1 7 0 .1 7 0 .2 3 0.21 0.21 0 .2 8 0.21 0 .2 2 0 .1 7 0 .3 2 0 .0 4
Tim e until peak  a c c  /  s 0 .7 3 0 .7 3 0 .5 0 .5 2 0 .6 9 0 .8 0 .9 4 0 .4 2 0 .6 7 0 .3 6 0 .5 0 .8 3 0 .9 8 0 .6 7 0 .3 6 0 .9 8 0 .2 0
Total veh icle  delay  /  s 0 .2 4 0.22 0 .2 0 .2 0 .2 2 0 .2 6 0 .3 2 0 .1 9 0 .1 7 0 .1 7 0 .1 7 0 .2 3 0.21 0.21 0 .2 8 0.21 0.22
A V /g 0 .3 6 0 .4 3 0.41 0 .4 0 0 .4 2 0 .3 5 0 .39 0 .3 4 0 .4 0 0 .3 9 0.41 0 .3 8 0 .3 5 6 0 .4 0 0 .3 5 0 .3 6 0 .3 8 0 .3 4 0 .4 2 5 0 .0 3
T A V / q 0 .3 6 0 .4 3 0.41 0 .4 0 0 .4 2 0 .3 5 0 .39 0 .4 0 0 .3 9 0.41 0 .3 8 0 .4 0 0 .3 5 0 .3 9 0 .3 5 0 .4 3 0 .0 3
AXoedal. end / % 8 4 .3 2 7 6 .5 2 67.41 7 0 .8 8 7 5 .8 3 6 4 .0 3 6 5 .7 7 6 0 .4 8 68.8 6 1 .6 6 0 .5 6 6 7 .8 5 7 0 .7 6 8 .8 3 6 0 .4 8 8 4 .3 2 6 .96
AXpedal. initial /  (%ts) 4 0 1 .5 2 7 3 .3 3 2 1 .0 4 7 2 .5 3 4 4 .7 164 .2 6 3 .0 0 6 0 4 .8 3 8 2 .2 4 1 0 .7 2 0 8 .8 323.1 2 1 4 .2 3 2 1 .8 6 3 .0 0 6 0 4 .8 1 41 .4
V ehicle jerk /  (q/s ) 0 .4 9 0 .5 9 0 .8 2 0 .7 7 0.61 0 .4 4 0.41 0 .9 5 0 .5 8 1 .14 0 .7 6 0 .4 8 0 .3 6 0 .4 6 0 .6 3 0 .3 8 1.14 0 .2 3
A verage jerk /  (g/s) 0 .4 9 0 .5 9 0 .8 2 0 .7 7 0.61 0 .4 4 0.41 0 .9 5 0 .5 8 1 .14 0 .7 6 0 .4 8 0 .3 6 0 .4 6 0 .6 3 0 .3 6 1.14 0 .2 3
S m o o th n e ss 8 9 8 8 9 9 8 8 10 8 8 10 10 8 9 7 8 .5 6 7 10 0 .8 9
V ehicle D elay 8 9 10 8 9 10 10 7 10 8 9 9 8 7 9 6 .5 8 .5 9 6 .5 10 1.14
E ngine D elay 7 9 10 7 9 10 10 8 10 8 9 10 9 7 9 6 8 .6 3 6 10 1.31
Acceleration F eel 8 9 10 9 10 10 9 9 10 8 .5 9 10 10 8 9 7 9 .09 7 10 0 .9 0
P erform ance 8 9 9 8 10 10 10 9 9 8 .5 8 10 10 8 8 6 8 .7 8 6 10 1.11
Driveability 8 9 9 8 10 10 10 8 10 8 8 10 9 .5 7 9 7 8 .7 8 7 10 1.08
Num ber of driver 1 2 3 4 5 6 7 8 9 10 11 12 13 15 16 17 17
Table A-40: Test Results BMW {Test 9)
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Appendix C Excel data files of the subjective and objective results
BMW T est 11 Chris Don S a m Hugh Jon Robin Volker St Bernd Adam Nick T osh
1st P edal Mov. / s 9 .2 2 3 1 .6 8 15 .5 0 17 .46 1 9 .00 17 .93 14 .69 2 .5 4 1 2 .2 0 2 8 .0 5 4 7 .7 5 11 .78
Vvehide picks UP /  S 9 .3 9 3 1 .7 9 1 5 .7 5 17 .56 19 .22 18 .12 14 .99 2 .7 7 1 3 .0 4 2 8 .4 9 4 7 .8 4 11 .84
Tim e of peak  aveh /  s 1 0 .52 3 2 .9 2 16 .77 19 .09 20.11 19 .54 16.11 3 .9 2 1 3 .7 0 2 9 .3 7 4 8 .7 8 12 .82
Vveh inc. 2 nd tim e /  s 9 .39 3 1 .7 9 15 .7 5 17 .56 19 .22 18 .12 1 4 .99 2 .7 7 1 3 .0 4 2 8 .4 9 4 7 .8 4 11 .84 M ean MIN MAX S tD ev
V ehicle delay tim e /  s 0 .1 7 0.11 0 .2 5 0 .1 0 0 .2 2 0 .1 9 0 .3 0 0 .2 3 0 .8 4 0 .4 4 0 .0 9 0 .0 6 0 .2 5 0 .0 6 0 .8 4 0.21
Tim e until peak  a c c  /  s 1 .1 3 1 .13 1 .02 1 .53 0 .8 9 1 .42 1.12 1 .1 5 0 .6 6 0 .8 8 0 .9 4 0 .9 8 1.07 0 .6 6 1 .53 0 .2 4
Total v eh icle  delay  /  s 0 .1 7 0.11 0 .2 5 0.1 0 .2 2 0 .1 9 0 .3 0 .2 3 0 .8 4 0 .4 4 0 .0 9 0 .0 6 0 .2 5 0 .0 6 0 .8 4 0.21
0 .1 8 0 .1 6 0 .1 9 0 .1 5 0.21 0 .1 4 0 .2 0 0.11 0 .2 0 0 .2 0 0 .2 0 0 .1 2 0 .1 7 0 .1 1 4 0.21 0 .0 3
T A V /g 0 .1 8 0 .1 6 0 .1 9 0 .1 5 0.21 0 .1 4 0 .2 0 0.11 0 .2 0 0 .2 3 0 .2 0 0 .1 2 0 .1 7 0.11 0 .2 3 0 .0 4
AXpedal, end / % 6 9 .7 0 5 8 .6 0 6 8 .6 6 53.31 6 6 .9 2 5 5 .9 0 66.31 4 4 .8 9 6 9 .0 0 6 9 .7 8 6 0 .6 8 4 0 .3 8 6 0 .3 4 4 0 .3 8 6 9 .7 8 10 .0 4
AXDedal. initial /  (%/S) 217 .81 130 .22 13 7 .3 2 6 7 .4 8 163 .22 7 7 .6 4 106 .95 1 6 6 .26 1 5 3 .3 3 1 1 6 .3 0 3 1 9 .3 7 144.21 150.01 6 7 .4 8 3 1 9 .3 7 6 6 .9 8
V ehicle jerk /  (cj/s) 0 .1 5 0 .1 3 0 .1 8 0 .1 0 0.21 0 .0 9 0 .19 0 .0 9 0 .2 7 0 .2 3 0 .2 0 0.11 0 .1 6 0 .0 8 7 0 .2 7 0 .0 6
A verage jerk /  (g /s) 0 .1 6 0 .1 4 0 .1 9 0 .1 0 0 .2 4 0 .1 0 0 .1 8 0 .1 0 0 .3 0 0 .2 6 0.21 0 .1 2 0 .1 7 0.1 0 .3 0 0 .0 7
S m o o th n e ss 9 9 9 9 9 10 10 9 10 8 .5 8 9 9 .1 3 8 10
V ehicle D elay 9 9 9 8 9 9 8 7 9 9 7 7 8 .3 3 7 9
E ngine D elay 9 8 9 8 9 9 8 8 9 8 7 8 8 .3 3 7 9 0.61
A cceleration F eel 7 8 9 8 8 9 10 8 9 8 7 7 8 .1 7 7 10 0 .8 9
P erform ance F eel 7 9 8 7 9 9 10 8 10 9 7 8 8 .4 2 7 10
Driveability 8 8 9 8 9 9 10 8 10 9 7 7 8 .5 0 7 10
N um ber of drivers 1 2 3 4 5 6 7 8 9 10 11 12 12
Table A-41: Test Results BMW {Test 11)
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Appendix C Excel data files of the subjective and objective results
BMW T est 13 Chris Don S am Hugh Jon Robin Volker B ernd13
1st P edal Mov. / s 3 4 .8 6 10.21 2 6 .8 0 19 .66 13.71 10 .70 15 .4 2 3 5 .9 2
Vvehicle Picks UP /  S 3 5 .0 7 10 .3 5 2 6 .8 9 19 .74 13 .84 10 .77 15.51 3 6 .0 0
Vveh inc, 2 nd tim e /  s 3 5 .9 3 11 .49 2 7 .9 2 2 0 .8 8 14 .92 12 .33 16.81 3 7 .0 7
Tim e of p ea k  av8h/ s 3 6 .1 6 11 .74 2 8 .1 8 2 1 .1 3 15 .17 12 .58 1 7 .0 3 3 7 .2 9 M ean MIN MAX Stan D ev
V ehicle delay tim e /  s 0.21 0 .1 4 0 .0 9 0 .0 8 0 .1 3 0 .0 7 0 .0 9 0 .0 8 0.11 0 .0 7 0.21 0 .0 5
Tim e until peak  a c c  /  s 0 .2 3 0 .2 5 0 .2 6 0 .2 5 0 .2 5 0 .2 5 0 .2 2 0 .2 2 0 .2 4 0 .2 2 0 .2 6 0 .0 2
Total veh icle  delay  /  s 1 .07 1.28 1.12 1 .22 1.21 1 .63 1.39 1 .15 1.26 1 .07 1 .63 0 .1 8
A V /q 0 .2 6 0 .2 8 0 .2 6 0 .2 8 0 .2 9 0 .2 9 0 .3 2 0 .2 7 0 .2 8 0 .2 6 0 .3 2 0 .0 2
T A V /g 0 .3 7 0 .3 6 0 .3 5 0 .3 7 0 .3 5 0 .3 9 0 .4 3 0 .3 7 0 .3 7 0 .3 5 0 .4 3 0 .0 3
A X p ed a l, end /  % 7 0 .5 6 62 .3 2 5 6 .2 5 58 .9 4 4 9 .9 2 57 .2 9 6 1 .8 5 2 .1 7 5 8 .6 6 4 9 .9 2 7 0 .5 6 6 .4 5
AXoedal. initial /  (% /s) 3 2 0 .7 3 2 4 9 .2 8 3 5 1 .5 6 184 .19 178 .29 159 .14 9 6 .5 6 401 .31 2 4 2 .6 3 9 6 .5 6 401.31 10 6 .2 7
V ehicle  jerk /  (g /s) 1 .1 3 1 .04 1.00 1.22 0 .8 0 1.16 1.27 1.09 0 .8 1 .27 0 .1 6
A verage jerk /  (g /s) 0 .3 4 0 .2 6 0 .2 7 0 .2 7 0 .2 6 0 .2 2 0 .2 8 0 .2 9 0 .2 7 0 .2 1 5 0 .3 3 9 4 0 .0 3
S m o o th n e ss 7 9 9 6 9 8 7 10 8 .1 3 6 10 1.36
V eh icle  D elay 8 9 7 6 8 8 6 8 7 .5 0 6 9 1.07
E ngine D elay 8 9 7 7 9 8 7 8 7 .8 8 7 9 0 .8 3
A cceleration  F eel 8 9 8 9 9 9 10 9 8 .8 8 8 10 0 .6 4
P erform ance F eel 8 9 8 9 10 9 10 9 9 .0 0 8 10 0 .7 6
Driveability 8 9 9 8 10 8 8 9 8 .6 3 8 10 0 .7 4
Num ber of drivers 1 2 3 4 5 6 7 8 8
Table A-42: Test Results BMW (Test 13)
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Appendix C Excel data files of the subjective and objective results
BMW T e st 14 Don S am Robin Volker Adam Crampon S te v e Alex
1st P edal M o v . / s 3 9 .9 5 2 2 .5 2 9 .7 5 11 .49 16 .02 12 .26 1 1 .9 6 1 2 .3 8
Vvehide picks UP /  S 4 0 .0 2 2 2 .6 7 9 .8 9 11 .67 16 .07 12 .49 1 2 .0 3 12 .5 6
Tim e of p ea k  aveh /  s 41 .51 2 3 .9 0 1 1 .2 0 13 .02 1 7 .47 1 3 .93 1 3 .7 0 1 3 .8 3
Vveh inc, 2 nd tim e /  s 40.91 2 3 .5 8 10 .7 4 1 2 .45 17 .1 8 13 .44 13.11 13 .3 8 M ean MIN MAX S taD ev
V ehicle delay tim e /  s 0 .0 7 0 .1 5 0 .1 4 0 .1 8 0 .0 5 0 .2 3 0 .0 7 0 .1 8 0 .1 3 0 .0 5 0 .2 3 0 .0 6
Tim e until peak  a c c  /  s 1 .49 1 .2 3 1.31 1 .35 1.40 1 .44 1 .67 1.27 1 .40 1 .23 1 .67 0 .1 4
Total veh icle  delay  /  s 0 .9 6 1.06 0 .9 9 0 .9 6 1.16 1 .18 1 .1 5 1 .00 1.06 0 .9 6 1 .1 8 0 .0 9
0 .1 7 0 .1 2 0 .0 9 0.11 0 .1 0 0.21 0 .1 7 0 .1 2 0 .1 4 0 .0 9 0.21 0 .0 4
T A V /g 0 .1 7 0 .1 2 0 .0 9 0.11 0 .1 0 0.21 0 .1 7 0 .1 2 0 .1 4 0 .0 9 0.21 0 .0 4
AXpedal, end /  % 6 3 .7 6 4 8 .6 6 4 6 .0 6 3 9 .6 4 45.11 65 .6 6 5 7 .3 4 4 2 .3 3 5 1 .0 7 3 9 .6 4 6 5 .6 6 9 .9 0
AXpedal. Initial/ (%/S) 2 1 2 .5 3 1 2 1 .6 5 3 1 .7 9 1 2 3 .88 1 0 7 .40 1 2 8 .75 1 1 7 .0 2 1 4 5 .9 7 1 2 3 .62 3 1 .7 9 2 1 2 .5 3 4 9 .5 3
V ehicle jerk /  (g /s) 0.11 0 .1 0 0 .0 7 0 .0 8 0 .0 7 0 .1 5 0 .1 0 0 .0 9 0 .1 0 0 .0 7 0 .1 5 0 .0 3
A verage jerk /  (g /s) 0 .11 0 .1 0 0 .0 7 0 .0 8 0 .0 7 0 .1 5 0 .1 0 0 .0 9 0 .1 0 0 .0 7 0 .1 5 0 .0 3
S m o o th n e ss 9 10 9 9 9 9 9 7 .5 8 .9 4 7 .5 10 0 .6 8
V ehicle D elay 9 9 8 9 9 7 9 7 .5 8 .4 4 7 9 0 .8 2
E ngine D elay 9 9 8 9 8 .5 9 9 7 .5 8 .6 3 7 .5 9 0 .5 8
A cceleration F eel 10 9 8 9 7 .5 7 9 8 8 .4 4 7 10 0 .9 8
P erform anceF eel 9 9 8 9 7 .5 7 9 7 .5 8 .2 5 7 9 0 .8 5
Driveability 9 9 8 9 8 7 10 8 8 .5 0 7 10 0 .9 3
Num ber of driver 1 2 3 4 5 7 8 9 9
Table A-43: Test Results BMW {Test 14)
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Appendix C Excel data files of the subjective and objective results
BMW T est 15 Robin Volker Bernd Nick Rich Matt Cramp S te v e Alex
1st P ed al M o v ./ s 3 1 .7 6 1 9 .2 3 2 8 .3 6 4 1 .7 8 11 .64 11.39 11 .96 12.11 11 .3 2
Vvehicle picks U p /  S 3 1 .8 9 1 9 .2 4 2 8 .4 8 41.81 11 .74 11.66 12.11 12 .3 0 1 1 .3 4
Tim e of peak  aven /  s 3 2 .9 3 2 0 .8 4 2 9 .2 3 42.61 12.5 12 .75 12 .85 13 .86 12 .1 7
Vveh inc. 2 nd tim e /  s 3 2 .5 4 2 0 .3 2 29.11 4 2 .4 9 12 .38 12 .46 12.71 13 .5 2 1 2 .0 0 M ean MIN MAX S taD ev
V ehicle delay tim e /  s 0.13 0.12 0.03 0.27 0.15 0.19 0.02 0.13 0.02 0.27 0.09
Tim e until peak  a c c  /  s 0 .3 9 0 .5 2 0 .1 2 0 .1 2 0 .1 2 0 .2 9 0 .1 4 0 .3 4 0 .1 7 0 .2 5 0 .1 2 0 .5 2 0 .1 5
Total veh icle  delay  /  s 0 .7 8 1.09 0 .7 5 0.71 0 .7 4 1.07 0 .7 5 1.41 0 .6 8 0 .8 9 0 .6 8 1.41 0 .2 5
A V /g 0.16 0.16 0.16 0.22 0.21 0.20 0.20 0.13 0.21 0.18 0.13 0.22 0.03
T A V /g 0.21 0.21 0 .1 9 0 .2 3 0.21 0 .2 2 0 .2 2 0 .1 5 0.21 0.21 0 .1 5 0 .2 3 0 .0 2
AXpedal, end / % 6 0 .3 7 58.21 5 6 .2 6 4 9 .2 7 43.81 4 9 .5 3 52.31 4 8 .5 8 4 9 .9 6 5 2 .0 3 43.81 6 0 .3 7 5 .2 8
AXpedal. initial/ (%/s) 431.21 181.91 74.03 351.93 257.71 88.45 261.55 161.93 384.31 243.67 74.03 431.21 127.75
V ehicle je r k /(g /s ) 0.41 0.31 1.33 1.83 1.75 0.69 1.43 0.38 1.24 1 .04 0 .3 0 8 1 .8 3 3 3 0.60
A verage jerk /  (g /s) 0.20 0.13 0.25 0.29 0.28 0.20 0.30 0.10 0.25 0 .2 2 0 .0 9 6 0 .2 9 7 3 0.07
S m o o th n e ss 10 10 10 8 10 9 8 9 8 .5 9 .1 7 8 10 0 .8 7
V ehicle D elay 9 9 9 6 9 9 7 9 7 .5 8 .2 8 6 9 1 .1 5
E ngine D elay 9 9 9 6 9 9 7 9 7 .5 8 .2 8 6 9 1 .1 5
A cceleration F eel 10 10 9 7 9 10 9 8 7 .5 8 .8 3 7 10 1 .12
Perform ance 7 9 9 10 9 7 .5 8 .8 3 7 10 1.00
Driveability 10 9 9 7 9 9 9 9 7 .5 8 .7 2 7 10 0.91
Num ber of driver 1 2 3 4 5 6 7 8 9 9
Table A-44: Test Results BMW (Test 15)
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